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chapter 

9 

The Radar Antenna 


9.1 FUNCTIONS OF THE RADAR ANTENNA 

The radar antenna is a distinctive and important part of any radar. It serves the following 

functions: 

• Acts as the transducer between propagation in space and guided-wave propagation in 
the transmission lines. 

• Concentrates the radiated energy in the direction of the target (as measured by the 
antenna gain). 

• Collects the echo energy scattered back to the radar from a target (as measured by 
the antenna effective aperture). 

• Measures the angle of arrival of the received echo signal so as to provide the loca¬ 
tion of a target in azimuth, elevation, or both. 

® Acts as a spatial filter to separate (resolve) targets in the angle (spatial) domain, and 
rejects undesired signals from directions other than the main beam. 

• Provides the desired volumetric coverage of the radar. 

® Usually establishes the time between radar observations of a target (revisit time). 

In addition, the antenna is that part of a radar system that is most often portrayed when 

a picture of a radar is shown. (More can be learned about the nature of a radar from a 

picture of its antenna than from pictures of its equipment racks.) 
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With radar- antennas, big is beautiful (within the limits of mechanical and electrical 
tolerances and the constraints imposed by the physical space available on the vehicle that 
carries the antenna). The larger the antenna, the better the radar performance, the smaller 
can be the transmitter, and the less can be the total amount of prime power needed for the 
radar system. The transmitting antenna gain and the receiving effective aperture are pro¬ 
portional to one another [as given by Eq. (1.8) or Eq. (9.9)] so that a large transmitting 
gain implies a large effective aperture, and vice versa. As was mentioned in Chap. 1, in 
radar a common antenna generally has been used for both transmission and reception. 

Almost all radar antennas are directive and have some means for steering the beam 
in angle. Directive antennas mean narrow beams, which result in accurate angular mea¬ 
surements and allow closely spaced targets to be resolved. An important advantage of mi¬ 
crowave frequencies for radar is that directive antennas with narrow beamwidths can be 
achieved with apertures of relatively small physical size. 

In this chapter, the radar antenna will be considered as either a transmitting or a re¬ 
ceiving antenna, depending on which is more convenient for explaining a particular an¬ 
tenna property. Results obtained for one may be readily applied to the other because of 
the reciprocity theorem of antenna theory. 1 

Antenna designers have a variety of directive antenna types from which to choose in¬ 
cluding the reflector antenna in its various forms, phased arrays, endfire antennas, and 
lenses. They all have seen application in radar at one time or other. These antennas dif¬ 
fer in how the radiated beam is formed and the method by which the beam is steered in 
angle. Steering the antenna beam can be done mechanically (by physically positioning the 
antenna) or electronically (by using phase shifters with a fixed phased array). The rela¬ 
tively simple parabolic reflector, similar to the automobile headlight or the searchlight, in 
one form or other has been a popular microwave antenna for conventional radars. As will 
be discussed later in this chapter, a parabolic reflector can be a paraboloid of revolution, 
a section of a paraboloid, a parabolic cylinder, Cassegrain configuration, parabolic toms, 
or a mirror scan (also called polarization-twist Cassegrain). There have also been appli¬ 
cations of spherical reflectors, but only for special limited purposes. 

The mechanically rotating array antenna was the basis for most of the lower frequency 
air-surveillance radars that saw service early in World War II. They were eventually re¬ 
placed by parabolic reflector antennas when radar frequencies increased to the microwave 
region during and just after World War II. In the 1970s the mechanically scanned planar 
array antenna reappeared, but at microwave frequencies with slotted waveguide radiators 
or printed-circuit antennas rather than dipoles. The mechanically scanned planar array is 
found in almost all 3D radar antennas, low sidelobe antennas, and in airborne radars where 
the antenna is fitted behind a radome in the nose of the aircraft. (A planar aperture allows 
a larger antenna to be used inside the radome than is practical with a parabolic reflector.) 
An example of a very low sidelobe rotating planar array used in the AWACS radar is 
shown later in Fig. 9.49. 

Starting in the mid-1960s the electronically steered phased array antenna began to be 
employed for some of the more demanding military radar applications. It is the most in¬ 
teresting and the most versatile of the various antennas, but it is also more costly and more 
complex. 
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9.2 ANTENNA PARAMETERS 

Several of the important antenna parameters were introduced in the discussion of the radar 
equation in Chapters 1 and 2. Here we review and expand on those we have introduced 
previously and add some other parameters not yet discussed. 

Directive Gain Gain is a measure of the ability of an antenna to concentrate the trans¬ 
mitted energy in a particular direction. There are two different, but related, definitions of 
antenna gain. One is the directive gain, sometimes called directivity. The other is the power 
gain, and is often simply called gain. Both gain definitions need to be understood by the 
radar systems engineer since both are used. The directive gain is descriptive of the nature 
of the antenna radiation pattern, and is usually the definition of gain that interests the an¬ 
tenna engineer. The power gain is related to the directive gain, but it takes account of loss 
in the antenna itself. The power gain is more appropriate for use in the radar range equa¬ 
tion and is therefore of more interest for the radar engineer. 

We will denote the directive gain by G D . (In other literature it is sometimes denoted 
by D.) The directive gain of a transmitting antenna may be defined as 

maximum radiation intensity 

G d — ........ l“-l] 

average radiation intensity 

where the radiation intensity is the power per unit solid angle radiated in the direction (8,<t>), 
and is denoted P(0,</>). Its units are watts per steradian. A plot of the radiation intensity as a 
function of the angular coordinates is called a radiation-intensity pattern. The power density, 
or power per unit area, when plotted as a function of angle is called the power pattern. The 
power pattern and the radiation-intensity pattern are identical when each is plotted on a rel¬ 
ative basis; that is, when the maximum is normalized to a value of unity. When plotted on a 
relative basis, they are called the antenna radiation pattern, or simply radiation pattern. 

Since the average radiation intensity over the entire solid angle of 477 steradians is 
equal to the total power radiated by the antenna divided by 477, the directive gain of Eq. 
(9.1) can be written as 


477(maximum power radiated per unit solid angle) 
total power'radiated by the antenna 


[9.2] 


This equation indicates the procedure by which the directive gain may be found from the 
antenna radiation pattern. The maximum power radiated per unit solid angle is obtained 
by inspection, and the total power radiated is found by integrating the volume under the 
radiation pattern. From Eq. (9.2) the directive gain can be expressed as 

477P(0,(fr) m ax a 

G d = f f = — [9.3] 

D J J P(0,<f>) dOdcj) B 


where B is called the beam area and is defined by 

j Jp(0,(fj) dOdO 


B 


P(0,4>) max 


[9.4] 
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The beam area B is the solid angle through which all the radiated power would pass if 
the power per unit solid angle over the entire beam area were equal to / ) (0,</>) max . It de¬ 
fines, in effect, an equivalent antenna pattern. If 0 B and 4>n are the half-power (radian) 
beamwidths in the two orthogonal planes, the beam area B is approximately equal to 6 B 4> B - 
Substituting into Eq. (9.3) gives 


G d ~ 


4t7 

®b4 > b 


[9.5a] 


This is only an approximation and should be used with caution. Another approximation, 
an improvement on the above, is 




7T 2 

Ob&b 


[9.5b] 


This expression assumes a gaussian beamshape with d B and <f> B defined as the half-power 
beamwidths. 2 (This form of the directive gain has been popular with radar meteorolo¬ 
gists.) Beamwidths in Eqs. (9.5a and b) are in radians. If the beamwidths are in degrees 
in Eq. (9.5a), the 477 in the numerator is replaced by 41,253. Equation (9.5a), however, is 
overly optimistic in that it provides too high a value of directive gain. It applies for a rec¬ 
tangular beam with no sidelobes. 

Warren Stutzman, 3 however, recommended that for practical antennas the following 
“is an excellent approximation for general use:” 


26,000 

@b4*b 


[9.5c] 


where the half-power beamwidths are in degrees. He states that “gain [ G ] is used here in¬ 
stead of directivity, not because of losses . .. [but] to indicate that the formula is appro¬ 
priate to real antenna hardware, where gain is the parameter used in performance de¬ 
scriptions.” This equation states that a one-degree pencil-beam antenna has a gain of 44 
dB. It should not be a substitute for more exact analysis, calculation, or measurement; but 
it is far better than Eqs. (9.5a and b) when nothing further is known about the antenna 
other than its beamwidths in the principal planes. 


Power Gain The power gain, which we denote by G, is similar to the directive gain ex¬ 
cept that it takes account of dissipative losses in the antenna. (It does not include loss aris¬ 
ing from mismatch of impedances or loss due to polarization mismatch.) It can be defined 
similarly to the definition of directive gain, Eq. (9.2), if the denominator is the net power 
accepted by the antenna from the connected transmitter, or 

_ 477(maximum power radiated per unit solid angle) 

(j — - -- —-;--- [9.6a.l 

net power accepted by the antenna 

An equivalent definition is 

r _ maximum radiation intensity from subject antenna fo ,., 


radiation intensity from a lossless isotropic radiator with the same power input 
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Whenever there is a choice, the power gain should be used in the radar equation since 
it includes the dissipative losses introduced by the antenna. The directive gain, which i s 
always greater than the power gain, is more closely related to the antenna beamwidth. The 
difference between the two antenna gains is usually small for reflector antennas. The power 
gain and the directive gain are related by the radiation efficiency p„ as follows 

G = p r G D [ 97 ] 

The radiation efficiency is also the ratio of the total power radiated by the antenna to the 
net power accepted by the antenna at its terminals. The distinction between the two def¬ 
initions of gain often can be ignored in practice, especially when the dissipative loss in 
the antenna is small.* 

The definitions of power gain and directive gain described in the above were given 
in terms of a transmitting antenna. Because of reciprocity the pattern of a receiving an¬ 
tenna is the same as the pattern of a transmitting antenna, so the receiving antenna can 
be described by a gain just as can the transmitting antenna. This is why one can talk of 
a receiving gain even though gain was defined in terms of a transmitting antenna. The ef¬ 
fective aperture of a receiving antenna, on the other hand, has no similar attribute in a 
transmitting antenna. 

It should be kept in mind that the accuracy with which the gain of a radar antenna 
can be measured is usually about ±0.5 dB . 4 Thus one should not specify or quote antenna 
gains to an accuracy much better than this unless there is a reason to be more accurate. 

Antenna Radiation Pattern In the above, antenna gain meant the maximum value. It is 
also common to speak of gain as a function of angle. Quite often the ordinate of a radi¬ 
ation pattern is given as the gain as a function of angle, normalized to unity. It is then 
known as relative gain. Unfortunately the term gain is used to denote both the maximum 
value and the gain as a function of angle. Uncertainty as to which usage is meant can usu¬ 
ally be resolved from the context. 

An example of an antenna radiation pattern for a paraboloidal reflector antenna is 
shown in Fig. 9.1 . 5 This particular pattern might not be representative of a well-designed 
modern high-gain antenna, but it does illustrate the various features that a simple reflector- 
antenna radiation pattern might have. The main beam is shown at zero degrees. The re¬ 
mainder of the pattern outside the main beam is the sidelobe region. As the angle increases 
from the direction of maximum gain, there is an irregularity in this particular radiation 
pattern at about 22 dB below the peak. This is called a vestigial lobe or “shoulder” on the 
side of the main beam. It does not appear in all radiation patterns and is not desired since 
it is indicative of phase errors in the aperture illumination. Normally, when errors in the 
aperture illumination are small, the first sidelobe appeal's near where this vestigial lobe is 
indicated rather than where the first sidelobe is indicated in the figure. 

The near-in sidelobes generally decrease in magnitude as the angle increases. The de¬ 
crease is determined by the shape of the aperture illumination (as described in the next 


*ln some types of phased array antennas, the losses in the phase shifters and the power dividing networks can be 
quite high so that the difference between the power gain and the directive gain can be significant. In such cases, 
the directive gain is what is usually quoted and the losses are accounted for elsewhere. 
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Figure 9.1 Radiation pattern for 
a particular paraboloid reflector 
antenna illustrating the main beam 
and sidelobe radiation. 

| (After Cutler et al., 5 Proc. IRE.] 



Degrees off axis 


section). Eventually, the sidelobes due to the aperture illumination are masked by side- 
lobes due to the random errors in the aperture [Sec. (9.12)]. With a conventional reflec¬ 
tor antenna, there usually will be spillover radiation from that part of the feed radiation 
pattern that is not intercepted by the reflector (in the example of Fig. 9.1, this appears 
from about 100 to 115°). This radiation pattern also has a pronounced lobe in the back¬ 
ward direction (180°) due to diffraction around the edges of tire reflector as well as di¬ 
rect leakage through the mesh reflector surface (if the surface is not solid). 

The radiation pattern shown in Fig. 9.1 is plotted as a function of one angular coor¬ 
dinate, but the actual pattern is a plot of the radiation intensity P(9,(f)) as a function of two 
angles. The two angle coordinates commonly employed with a ground-based radar antenna 
are azimuth and elevation, but other appropriate angle coordinates also can be used. 

A complete three-dimensional plot of the radiation pattern can be complicated to dis¬ 
play and interpret, and is not always necessary. For example, an antenna with a symmet¬ 
rical pencil-beam pattern can be represented by a single plot in one angle coordinate be¬ 
cause of its circular symmetry. The radiation intensity pattern for rectangular or 
rectangular-like apertures can often be written as the product of the radiation-intensity 
patterns in the two coordinate planes; for instance, 


P(0,cf)) = P(d, 0) P{ 0,<£) 


[9.8] 


Thus when the pattern can be expressed in this manner, the complete radiation pattern in 
two coordinates can be determined from the two single-coordinate patterns in the 6 and 
in the cf) planes. 

Effective Aperture The effective aperture of a receiving antenna is a measure of the ef¬ 
fective area presented to the incident wave by the antenna. As was given previously as 
Eq. (1.8), the transmitting gain G and receiving effective area A e of a lossless antenna are 
related by 


G = 


47 tA„ 


4ttpA 


[9.9] 
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where A = wavelength, p a = antenna aperture efficiency, A = physical area of the an¬ 
tenna, and A e = p a A. The aperture efficiency depends on the nature of the current illumi¬ 
nation across the antenna aperture. With a uniform illumination, p a = 1. The advantage 
of high efficiency obtained with a uniform illumination is tempered by the radiation pat¬ 
tern having a relatively high peak-sidelobe level. An aperture illumination that is maxi¬ 
mum at the center of the aperture and tapers off in amplitude towards the edges has lower 
sidelobes but less efficiency than the uniform illumination. 

Sidelobe Radiation Sidelobe radiation is radiation from an antenna that is not radiated 
by the main beam. It is possible in theory to have an antenna radiation pattern with only 
a single main beam and no sidelobes, but not only is this impractical to achieve, it is not 
desirable since the main beam would be unusually wide (as mentioned later in Sec. 9.13). 
In general, the lower the sidelobes, the lower will be the antenna gain and the aperture 
efficiency, and the greater will be the width of the main beam. 

The sidelobe level of an antenna may be described by the value of the peak sidelobe, 
the rms value of all the sidelobe radiation (usually of the dB values), or some other suit¬ 
able measure. The peak sidelobe is a good measure of sidelobe behavior for purposes of 
the radar system engineer. For a line-source aperture with a uniform illumination, the peak 
sidelobe (which is the first sidelobe) is 13.2 dB down from the maximum value of the 
main beam, or a value of —13.2 dB. This is usually too high for most radar applications 
even though its aperture efficiency is unity, that is, 100 percent. 

Low antenna sidelobes are desired in a radar so as to avoid detecting large targets 
when they are illuminated by the antenna sidelobes. Any echoes received from the side¬ 
lobes will not be indicated by their true angle. (The angle assigned to an echo from a side¬ 
lobe will be the angle at which the main beam points at the time of detection rather than 
the angle of the sidelobe which illuminates the target.) Low sidelobes are also useful for 
minimizing the effect of strong jamming and interference and to reduce the large clutter 
echoes that can enter the antenna sidelobes of a high-prf pulse doppler radar (as was dis¬ 
cussed in Sec. 3.9). 

The highest sidelobe of an antenna is usually the first sidelobe adjacent to the m ain 
beam. A typical parabolic reflector antenna fed from a waveguide horn might have a peak 
sidelobe of —23 to —28 dB. Peak sidelobes of —40 to —50 dB are possible with spe¬ 
cially designed array antennas. Peak sidelobes less than —50 dB are sometimes called ul- 
tralow sidelobes. 

Aperture Efficiency The aperture efficiency is based on the maximum radiation intensity, 
which usually occurs at the center of the main beam. It is not like the radiation efficiency 
that is a measure of the energy dissipated as the signal travels through the antenna. A 
radiation efficiency less than unity means that energy is lost. On the other hand, an 
aperture efficiency less than unity means that the radiated energy is redistributed in angle 
rather than be dissipated. For example, consider a line-source antenna aperture-illumina¬ 
tion proportional to cos 2 (trz/2), where z is the distance from the center of the aperture, 
—0/2 < z < +0/2, and O is the aperture dimension. In this example the amplitude of the 
aperture illumination is one-half cycle of the square of the cosine over the aperture. Its 
radiation pattern has a first sidelobe of —32 dB compared to the -13.2 dB of a uniform 
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illumination. The gain is reduced by 0.67 and its beamwidth is increased by 1.63 com¬ 
pared to the radiation pattern from a uniformly illuminated antenna. With a scanning an¬ 
tenna, as might be used in a surveillance radar, the reduction in gain is compensated in 
part by the increased number of pulses received because of the wider beamwidth. 

There are other antenna properties that might be more important to the radar systems 
engineer than the aperture efficiency. Thus the aperture efficiency might be reduced in or¬ 
der to obtain other benefits. These might include low-sidelobe levels, a radar antenna beam 
which maximizes the radiated energy within a specified angular region, 6,7 shaped beams 
such as the cosecant-squared pattern, and monopulse antenna patterns optimized for good 
angle-tracking accuracy. The aperture efficiency might be important to the antenna de¬ 
signer, but to the radar systems engineer it is often something to be traded in order to 
achieve some more important antenna characteristic. 

Polarization The polarization of an electromagnetic wave is defined by the orientation 
of the electric field. Most radar antennas are linearly polarized, with the orientation of 
the electric field being either horizontal or vertical. Air-surveillance radars generally em¬ 
ploy horizontal polarization. Most tracking radars are vertically polarized. Circular po¬ 
larization occurs when the electric field rotates at a rate equal to the RF frequency. It is 
sometimes used to enhance the detectability of aircraft targets in the midst of rain (Sec. 
7.8). There is also elliptical polarization, where the electric field also rotates at the RF 
frequency; but unlike circular polarization, the amplitude of the elliptically polarized elec¬ 
tric field varies during the rotation period. Circular and linear polarizations are special 
cases of elliptical polarization. Although some radar applications seem to prefer a partic¬ 
ular polarization (based sometimes on tradition), in many applications there is often not 
a strong requirement for one polarization over the other. Even the use of circular polar¬ 
ization for rain is not absolutely necessary since orthogonal linear polarizations can be 
used instead. 

9.3 ANTENNA RADIATION PATTERN AND APERTURE ILLUMINATION 

The electric-field intensity E( <fi) (units of volts per meter) produced by the electromag¬ 
netic radiation emitted from a line-source antenna is a function of the amplitude and phase 
of the distribution of current across the aperture. The angle cj), shown in Fig. 9.2, is with 
respect to the normal to the center of the antenna aperture. E(4>) may be found by adding 
vectorially the individual contributions radiated from the various current elements that 
constitute the line-source antenna aperture. The mathematical summation at a point in 
space of all the contributions radiated by the current elements contained within the aper¬ 
ture gives the field intensity in terms of an integral that is difficult to evaluate in the gen¬ 
eral case. 8 It reduces, however, to a conventional inverse Fourier transform when the dis¬ 
tances from the antenna are large enough for the radiation to be considered a plane wave. 
This occurs in the so-called far field of the antenna, when the range R > D 2 ! A, where D 
is the size of the aperture and A is the radar wavelength, with D and A being in the same 
units. (Although antenna engineers call this region the far field, optical physicists call it 
the Fraunhofer region.) In radar, the target is almost always in the far field. 
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Figure 9.2 Coordinate system for 
a line source lying along the z axis. 
Field-intensity pattern E(tf>) lies in the 
yz plane. 



Electric-Field Intensity and the Fourier Transform In Fig. 9.2, the width of the aperture in 
the z coordinate is D and the angle in the y,z plane as measured from the y axis is d>. The 
aperture is a line source, or linear antenna, in that its dimension in the c'-coordinate is 
much larger than its dimension in the x-coordinate, and the latter (x-coordinate dimen¬ 
sion) is small compared to a quarter wavelength. We are interested in the electric-field in¬ 
tensity in the y,z plane. Assuming D » A and R > D 2 ! A, the variation of the electric field 
intensity with angle cf) in the far field is proportional to 

+D/2 



A(z) exp|/27ry sin fijdz 


where the aperture illumination A(z) is the current at a distance z from the center of the 
radiating line-source antenna. The aperture illumination, also called the current distribu¬ 
tion, can be a complex quantity including both an amplitude \A(z)\ and a phase ip(z), so 
that A(z) = |A(z)| exp \jip(z)]. The phase of the aperture illumination becomes important 
if the beam is to be steered in a direction other than broadside or if the antenna is focused 
(which is rare in radar applications). Here we assume if/(z) = 0. 

The electric-field intensity given by Eq. (9.10) applies to a one-dimensional radiat¬ 
ing antenna lying along the z axis. If the aperture were two-dimensional and situated in 
the x,z plane, the aperture illumination, A(z), would be the integral of A(x,z) over the 
variable x. The electric field in the far field is a function only of the angle 4> and does 
not depend on the range R except for the usual UR factor. The expression of Eq. (9.10) 
can be extended to two dimensions by considering the aperture illumination to be a func¬ 
tion of x as well as z. The plot of the magnitude of the electric-field intensity \E(6,<f>)\ 
is called the electric-field intensity pattern of the antenna. The plot of the square of the 
field intensity \E(0,(f))\ 2 normalized to unity is the power pattern or the radiation 
pattern. 

The integral describing the electric-field intensity of a radiating source in the far field 
is an inverse Fourier transform, which most electrical engineers are familiar with since 
the Fourier transform relates the frequency spectrum and waveform of a temporal signal. 
The Fourier transform of a time waveform s(t ) is the frequency spectrum 

rt + oc 

S(J) = I s (t) exp {~j2nft) dt 

^ —co 


[9.111 
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and the inverse Fourier transform of the spectrum S(f') is the time waveform 

r +oo 

s(t)= S(f) exp (j2nft) df [9.12] 

*' —oo 

This happens to be of the same form as the field-intensity expression of Eq. (9.10). Since 
the aperture illumination is zero beyond z = ±D/2, the limits of Eq. (9.10) can extend 
from —oo to +oo to make it consistent with the inverse Fourier transform of Eq. (9.12). 
Thus the mathematical model that relates the time waveform and its spectrum is analo¬ 
gous to the mathematical model that relates the radiated field-intensity and the aperture 
illumination. The (spatial) antenna pattern E(<p) is related mathematically to the (tempo¬ 
ral) waveform s(t), and the aperture illumination A(z) is related to the spectrum S(f ). What 
is known from signal theory about the role of the spectrum S(f ) in determining the na¬ 
ture of the signal s(t) is applicable to how the aperture illumination A(z) affects the radi¬ 
ation in space E(<f>). The converse is also true. 

In the above, the antenna was viewed as transmitting. As was stated earlier, the prop¬ 
erty of antenna reciprocity means that the variation of the radiated field on transmit as a 
function of angle will be similar to the variation of the received signal as a function of 
angle when the same antenna is used for both transmit and receive. 

In the remainder of this section, the antenna field intensity will be examined for var¬ 
ious analytical aperture illuminations. The phase distribution is assumed zero or constant 
so that only the effects of the amplitude variation across the aperture need be considered. 
The aperture over which the integral of Eq. (9.10) is taken is defined as the projection of 
the antenna surface on a plane perpendicular to broadside. In this formulation of antenna 
radiation based on the inverse Fourier transform of Eq. (9.10) it does not matter whether 
the illumination is produced by a reflector antenna, a lens, or an array so long as the il¬ 
lumination is that in the plane of the aperture. 


One-Dimensional Aperture Illumination Consider in Fig. 9.2 a uniform (constant) aper¬ 
ture illumination extending from -D/2 to +0/2, and zero outside. This represents the il¬ 
lumination across a line source or the projected illumination in one of the principal planes 
of a uniformly illuminated rectangular aperture. If the constant value of the amplitude of 
the aperture illumination is A 0 , the variation of the electric-field intensity as a function of 
angle <fi is computed from Eq. (9.10) as 


f + DI2 ( 

E(4>) = A 0 exp j27r-^sin 4> 
J -D/2 \ A 


dz 


A 0 D sin | 77+0/A) sin 4 >] 
tt(D/ A) sin <fi 


Normalizing to make E{ 0) = 1 results in 


[9.13] 


E(<t>) = 


sin[7r(Q/A) sin d>] 
tt(D/X) sin 4> 


[9.141 


This is of the form (sin x)/x. The square of the above is the antenna radiation pattern or 
power pattern. It is shown by the solid curve in Fig. 9.3. The first sidelobe adjacent to the 
main beam is 13.2 dB below the peak value of the main beam. The angular distance 
between the two nulls defining the main beam is 2A ID radians, and the beamwidth as 
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Figure 9.3 Solid curve is the 
radiation pattern produced by a uniform 
aperture illumination of a line source of 
dimension D. The dashed curve is the 
radiation pattern of an aperture 
illumination proportional to the cosine 
function. Both curves are normalized to 
unity maximum gain. 



7i (D/A) sin <]> 


measured between the half-power points is 0.88 A/D radians, or 51A ID degrees. (Quite of¬ 
ten the half-power beamwidth for this uniform illumination is approximated by A/D ra¬ 
dians.) The field-intensity pattern of Eq. (9.14) is positive over the entire main lobe, but 
changes sign in passing through the first zero, returning to a positive value in passing 
through the second zero, and so on. The odd-numbered sidelobes are therefore out of 
phase with the main beam, and the even-numbered ones are in phase. 

The normalized field-intensity pattern for an aperture illumination A(z) proportional 
to one-half cycle of the cosine function, given by cos (7 tz/D), with |z| < D/2, is from 
Eq. (9.10) 

sin (i j/ + 7t/ 2) sin (if/ — 7t/2) 1 _ n 2 cos 1/1 

1 1> + 7t/2 1 \t — 7r/2 7r 2 — 4ip 2 ' 5 

where 1 j) = 7t(D/A) sin cf). The square of the above is shown as the dashed curve in Fig. 
9.3. In this figure, the peak gains of both patterns (for the uniform and the cosine illumi¬ 
nations) are normalized to unity. In reality, however, the maximum gain of the pattern 
from the cosine function is 0.9 dB less than that of the maximum gain of the uniform il¬ 
lumination. Notice that the peak sidelobe of the pattern from the cosine function is much 
lower than the peak sidelobe from the uniform illumination. Its beamwidth, however, is 
increased and its maximum gain decreased. The greater the taper of the aperture illumi¬ 
nation as it approaches the edges of the antenna aperture, the lower will be the sidelobe 
level, but at the cost of a wider beamwidth and a lower maximum gain. 

Table 9.1 lists some on the characteristics of the radiation patterns produced by var¬ 
ious one-dimensional (line-source) antenna aperture-illuminations. 8 These aperture illu¬ 
minations are expressed in analytic form so that the solution of the inverse Fourier trans¬ 
form of Eq. (9.10) can be conveniently determined. They are not necessarily what might 
be employed by the antenna designer, but they do illustrate how variations in the form of 
the aperture illumination affect the antenna pattern. More complicated distributions, which 
cannot be found from available tables of Fourier transforms, may be determined by 
computer computation. Using the Schwartz inequality, Silver 8 showed that the uniform 


E(4>) = f 
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Table 9.1 Radiation-pattern characteristics produced by various aperture distributions 


A 

= wavelength; D 

= aperture wideth 


Type of distribution, |z| < 1 

Relative 

gain 

Half-power 

beamwidth, 

deg 

Intensity of first sidelobe, 
dB below maximum intensity 

Uniform; A(z) = 1 

1 

51 A/D 

13.2 

Cosine; A(z ) = cos"(-zrz/2): 

n = 0 

1 

51 A/D 

13.2 

n — 1 

0.810 

69 A/D 

23 

n = 2 

0.667 

83 A/D 

32 

n = 3 

0.575 

95 A/D 

40 

n = 4 

0.515 

111A/D 

48 

Parabolic; A(z) = 1 — (1 — A )z 2 : 

A = 1.0 

1 

51 A/D 

13.2 

A = 0.8 

0.994 

53A/D 

15.8 

A = 0.5 

0.970 

56A/D 

17.1 

A = 0 

0.833 

66A/D 

20.6 

Triangular; A(z) = 1 — |z| 

0.75 

73A/D 

26.4 

Circular; A{z ) = V* 1 - z 2 

0.865 

58.5 A/D 

17.6 

Cosine-squared plus pedestal; 

0.33 + 0.66 cos 2 (irz/2) 

0.88 

63 A/D 

25.7 

0.08 + 0.92 cos 2 (vzl 2), Hamming 

0.74 

76.5 A/D 

42.8 


aperture illumination produces the maximum gain. When either the cos'* (cosine raised to 
the nth power) or the parabolic distributions shown in this table are examined, it is seen 
that, as has mentioned before, the more tapered the illumination the lower is the peak 
sidelobe, the wider the beamwidth, and the lower the maximum gain. Note that relative 
gain in Table 9.1 is the same as the aperture efficiency p a defined previously by Eq. (9.9). 

The cosine-squared on a pedestal listed one line from the bottom of the table is a rep¬ 
resentative illumination for conventional antennas. This is close to the so-called 25-dB 
Taylor illumination discussed later in Sec. 9.11. The Hamming illumination produces the 
lowest peak sidelobe for a cosine-squared on a pedestal illumination (in this case the peak 
lobe is not the one closest to the main beam). The reduction of the spatial sidelobes of an 
antenna by a tapered aperture illumination is similar to the windowing employed in dig¬ 
ital processing to reduce filter sidelobes and to the filter weighting in pulse compression 
to reduce the time sidelobes of the compressed pulse (Sec. 6.5). 

Having the proper aperture illumination is an important requirement for achieving 
suitable antenna radiation patterns. There is more to consider, as will be discussed in Sec. 
9.13, which is on the subject of very low sidelobes. 

Two-Dimensional Aperture Illumination To extend the above discussion of radiation from 
a line source to an aperture with two dimensions, the angles 9,(f> are defined by the co¬ 
ordinate system shown in Fig. 9.4. The antenna is in the x,y plane. This is the coordinate 
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Figure 9.4 Coordinate system 
for a planar antenna lying in the 
xy plane. 



system usually used by antenna theorists, and differs from the azimuth-elevation coordi¬ 
nates preferred by radar engineers. With the coordinate system of Fig. 9.4, the two-di¬ 
mensional field-intensity pattern from an aperture is given by 8 


E{6,4>) = J jA(x,y) exp[/(27r/A) sin 9 (x cos (f> + y sin <£)] dxdy 


[9.16] 


This integral is not easy to solve analytically, so that numerical techniques are sometimes 
used. Equation (9.16) is easier to use when the aperture illumination is separable; that is, 
when A(x,y) = A l (x)A 2 (y), where A, (x) is the projection of the aperture illumination along 
the x axis and A 2 (y ) is the projection along the y axis. Silver 9 showed that when aperture 
illuminations are separable, the field-intensity patterns are also separable. Thus the two- 
dimensional pattern of Eq. (9.16) can be written as the product of the one-dimensional 
patterns in the two principal planes, as was indicated earlier by Eq. (9.8). One principal 
plane occurs when <p = 0, and the other when tp = 90° in the coordinate system of Fig. 
9.4. When the patterns are separable, the pattern in the xy plane is the same as would be 
produced by a linear antenna with aperture illumination A^x), and the pattern in the yz 
plane is the same as that produced by the linear aperture illumination A 2 (y). 


Circular Aperture " 1-12 Instead of the rectangular coordinates used in Eq. (9.16), polar 
coordinates are used to describe the aperture illumination A(r, 9) of a circular aperture. The 
radial distance from the center of the circular aperture is r, and 9 is the angle measured 
in the plane of the aperture with respect to a reference. When the aperture illumination 
depends only on the radial distance and is independent of the angle 9, the field intensity 
is proportional to 


E(9) = 2i t[ A(r) J 0 [2Tr(r/ A) sin cp] 
Jn 


rdr 


[9.17] 


where A(r) is the aperture illumination as a function of the radial distance, r 0 is the ra¬ 
dius of the circular aperture, and <p is the angle with respect to the normal to the circular 
aperture. If the aperture illumination is uniform [A(r) =1], this reduces to 

E(0) = 2irrl i,(f)/f [9.18] 

where p = 277lV 0 /A) sin (p and J\(£) is the first-order Bessel function. A normalized plot 
of the square of this equation is shown in Fig. 9.5. The first sidelobe is 17.5 dB below 



Figure 9.5 Radiation pattern 
for a uniformly illuminated 
circular aperture of radius r 0 . 
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% = 2n O'q/X) sin (j) 


the main-beam maximum, and the beamwidth in degrees is 58.5A/D. Note that this is the 
same as from a one-dimensional (line source) antenna with a circular aperture-illumina¬ 
tion (as was listed in Table 9.1) since the projection of the uniform circular-aperture-illu¬ 
mination on its diameter is a circular one-dimensional illumination. 

Tapering of the amplitude illumination in the radial dimension of a circular aperture 
reduces the peak sidelobe, but at the expense of broader beamwidth and less antenna gain. 
Consider the family of circularly symmetrica] aperture illuminations 8 given by 

A{r) = [1 - (r/r 0 ) 2 ] p [9.19a] 

where p = 0, 1, 2,.... This aperture illumination depends only on r and not on 6. The 
field-intensity pattern is 12 

E(0) = 77Tj) 2 P p! [9.19b] 

where £is defined as it was for Eq. (9.18). When p = 0, the illumination is uniform and 
the radiation pattern reduces to that given by Eq. (9.18). For p = 1, the gain is 0.75 of 
the gain of a uniformly illuminated aperture, the half-power beamwidth is broadened to 
72.6A/D, and the first sidelobe is 24.6 dB below the maximum. The sidelobe level is 30.6 
dB down for p = 2, and the gain is 0.56 relative to that of the uniform illumination. 

Aperture Blocking 1 An obstacle in front of an antenna can alter the effective aperture 
illumination and distort the radiation pattern. This is called aperture blocking or shadow¬ 
ing. Examples are the feed and its supports in a reflector antenna; masts on board a ship; 
and nearby buildings, trees, and other obstructions to a land-based radar. The subreflec¬ 
tor, as well as the feed, of a Cassegrain antenna (Sec. 9.4) also blocks the aperture illu¬ 
mination. Aperture blocking lowers the antenna gain, raises the sidelobes, and fills in the 
nulls. It would not be unusual for a low-sidelobe antenna with -30 to -40 dB peak side¬ 
lobe level to be increased to a sidelobe level of from -15 to -20 dB when its beam is 
obstructed. 
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The effect of aperture blocking can be approximated by subtracting from the antenna 
pattern of the undisturbed aperture the antenna pattern produced by the shadow of an ob¬ 
stacle. This procedure is possible because of the linearity of the Fourier transform that re¬ 
lates the aperture illumination and the radiation pattern. An example of the effect of aper¬ 
ture blocking caused by the feed in a paraboloid-reflector antenna is illustrated in Fig 
9.6 . 14 This relatively simple method for determining the effect of blocking a portion of 
the radiated energy is only an approximation. 

The reduction of the antenna gain 17 due to the blockage of a circular obstacle of ra¬ 
dius r h placed in front of a circular aperture of radius r 0 whose aperture illumination is 
given by Eq. (9.19a) is 

17 = [l — S 2 {[(1 — S 2 ) p ]p + 1 }] 2 [9.20] 

where 8 = r b /r Q and p is defined by Eq. (9.19a). This equation, due to Sciambi , 15 would 
apply to a circular feed at the focus of a parabolic reflector or to the subaperture of a 
Cassegrain antenna. (Sciambi included in his paper the aperture illumination of Eq. (9.19a) 
on a pedestal, but it was omitted here for simplicity.) When 8 = r b /r 0 is small, then 
17 = [1 — (p + 1)8 2 ] 2 . Based on this approximation, the new sidelobe level due to aper¬ 
ture blocking can be written as 


/ Vrt + (p + l)g 2 \ 2 

\ 1-(P+1)S 2 j 


[9.21] 


where si is the original sidelobe level relative to the main-beam peak when there is no 
aperture blockage. The sidelobes sl h and si are power ratios less than one. In obtaining 
the above, the maximum value of the obstacle pattern based on Eq. (9.19b) was taken as 
irrl/2 (with p = 0 and replacing r 0 with r h ). 

As an example, consider a parabolic aperture illumination as in Eq. (9.19a) with 
p = 1 and 8 = r h /r 0 = 0.1 (one-percent of the antenna area is blocked). The reduction in 
gain due to blockage from Eq. (9.20) is 0.96 (about 0.2 dB), and the peak sidelobe of the 
antenna from Eq. (9.21) is increased from —24.6 dB to —21.9 dB. When 8 = 0.2 (4 per¬ 
cent blockage), the peak sidelobe is increased to —16.4 dB. Thus with antennas having 


Figure 9.6 Effect of aperture 
blocking caused by an obstacle 
(such as a feed) in a parabolic- 
reflector antenna. 

I (From C. Cutler 5 Proc. IRE.) 
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conventional sidelobes of -23 to -28 dB, the aperture blockage should not be more 
than about 1 percent in order to maintain decent sidelobes. With low peak sidelobes of 
-40 dB, the aperture blockage should be less than 0.05 percent, and with ultralow side- 
lobe levels (Sec. 9.13), no aperture blockage at all can be tolerated. 


9.4 REFLECTOR ANTENNAS 

The parabola, sketched in Fig. 9.7, works well as a reflector of electromagnetic energy 
and has been the basis for many radar antennas. The parabolic surface is illuminated by 
a source of radiated energy called the feed , which is placed at the focus of the parabola. 
The parabola converts the spherical wave radiated from the feed to a plane wave because 
(1) any ray radiated from the focus that intersects the parabolic surface is reflected in a 
direction parallel to the axis of the parabola, and (2) the distance traveled by any ray from 
the focus to the parabola and by reflection to a plane perpendicular to the parabola’s axis 
is the same for all rays no matter what angle they emanate from the focus. (This de¬ 
scription is only an approximation based on geometric optics. In practice a plane wave 
does not emerge after reflection until the wave travels a sufficient distance to be in the far 
field of the antenna, but this need not be of concern at present.) 

Paraboloid There are several ways in which the parabola is used for antennas. Rotating 
the parabolic curve shown in Fig. 9.7 about its axis produces a surface which is a parabola 
of revolution called a circular parabola; or, more usually, a paraboloid. When properly 
illuminated by a source at the focus, the paraboloid generates a nearly symmetrical pen¬ 
cil-beam antenna pattern. This has been a popular antenna for tracking radars. (The 
paraboloid reflector is sometimes called a dish.) 

Section of a Paraboloid Instead of a circular shape, consider the reflector antenna to have 
an elliptical shape (as though an elliptical section were cut from the symmetrical parab¬ 
oloid). This produces an asymmetrical beam shape known as a fan beam. It is often used 








554 


chapter 9 ® The Radar Antenna 


for two-dimensional (range and azimuth angle) air-surveillance radars, as shown in the 
example of Fig. 9.8. Sometimes this type of asymmetrical antenna has a different curva¬ 
ture in the horizontal and vertical planes so as to shape the beams differently in the two 
planes. This might be the case for an antenna used with an air-surveillance radar where 
the azimuth beamwidth is required to be narrow, and the vertical beam is shaped to pro¬ 
vide a broader coverage, such as the cosecant-squared pattern discussed in Sec. 9.11. 

Feeds for Paraboloids The “ideal” feed for a paraboloid reflector would be a source at 
the focus with a radiation pattern that (1) had no phase variation with angle, (2) produced 
on the reflector surface the desired aperture amplitude illumination, and (3) had a direc¬ 
tivity that allowed all of the feed radiation to be intercepted by the aperture without 
spillover. The ideal may be approximated but never fully accomplished. The radiation pat¬ 
tern produced by the feed is called the primary pattern and that radiated by the aperture 
is called the secondary pattern. 

A simple half-wave dipole with a parasitic reflector to direct most of its energy to¬ 
wards the antenna aperture can be used as the feed for a paraboloid, Fig. 9.9a. A dipole, 
however, is of limited utility as a reflector feed since it is difficult to shape the primary 
pattern and it is limited in power handling, especially at the higher microwave frequen¬ 
cies. An open-ended waveguide is usually preferred over a dipole for microwave-radar re¬ 
flector feeds. A circular paraboloid, for example, might be fed by a circular, open-ended 
waveguide operating in the TE U mode. A rectangular guide operating in the dominant 
TE 10 mode, however, does not result in a perfectly symmetrical secondary pattern since 
its dimensions in the E and H planes are different. 

When more directivity is required from the feed than is available from an open-ended 
waveguide, some form of waveguide horn can be used. A horn can be made to provide 
the asymmetrical feed illuminations (the primary pattern) for a fan beam generated by a 


Figure 9.8 Signaal LW08 2D 
(Jupiter) [-band fan-beam air and 
surface surveillance radar with 
an elliptical shape fan-beam 
antenna fed by a horn (on the 
left). The reflector surface is a 
mesh, the horizontal antenna 
mounted on the top is for IFF 
(identification friend or foe). At 
the middle right can be seen a 
fin which is added to the back of 
the antenna to counterbalance 
the wind forces on the reflector in 
the position of the worst yawing 
moment. 

(Courtesy Hollandse 

Signaalapparten B. V., 

The Netherlands.) 
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Figure 9.9 Examples of the 

placement of the feeds in 
parabolic reflectors, (a) Rear 
feed using half-wave dipole 
with parasitic reflector; (b) 
re ar feed using horn; (c) front 
feed using horn. 


/ Parasitic 

'Dipole reflector 
\ J 

n 




section of a paraboloid. Feeds for reflector antennas can come in many varieties in addi¬ 
tion to the simple horn and open-ended waveguide. 16 

As an approximate rule of thumb, the intensity of the radiation from the feed toward 
the edge of the reflector should be about 10 dB down from the maximum radiation. The 
aperture illumination at the edges of the reflector surface will be even less than this be¬ 
cause of the longer path length from the feed to the edge compared to the path length 
from the feed to the center of the reflector. When the primary feed pattern is 10 dB down 
toward the edges, the first sidelobe in the secondary pattern usually is in the vicinity of 
22 to 25 dB. 

The f/D ratio of a reflector antenna is the focal length / divided by the aperture di¬ 
ameter D. Most practical reflector antennas have f/D ratios ranging from 0.3 to 0.5. A 
small ratio means a deep reflector that is difficult to illuminate properly. A large f/D ra¬ 
tio results in a shallow reflector. The shallow reflector is easier to support and to position 
mechanically, but the feed must be supported farther from the reflector. The farther the 
feed is from the reflector, the narrower must be the primarily pattern (to avoid spillover 
loss) and the larger must be the feed. A large f/D is preferred for tracking radars and when 
the beam must be offset in angle by displacing the feed from the focus. 

Calculations of the antenna efficiency based only on the aperture illumination estab¬ 
lished by the primarily pattern from a feed as well as the spillover indicate theoretical ef¬ 
ficiencies of about 80 percent compared to an ideal uniformly illuminated aperture with¬ 
out spillover. In practice, however, phase variations across the aperture, poor polarization 
characteristics, and antenna mismatch reduce the overall antenna efficiency to the order 
of 55 to 65 percent for ordinary paraboloidal-reflector antennas. 

Feed Support The dipole and the waveguide horn (or open-ended waveguide) can be 
arranged to feed the paraboloid from the rear as shown in Fig. 9.9a and b. Other types of 
rear-feed systems have also been used. Figure 9.9c illustrates what is called a front feed 
using a horn radiator at the focus. It is well suited for supporting horn feeds, but the sup¬ 
ports obstruct the aperture. 17 These obstructions due to the feed and its supports reduce 
the antenna gain, increase the sidelobes, and cause some of the radiated energy to be cross 
polarized. Analytical expressions and design curves for determining the adverse effects of 
aperture blockage have been proposed. 18 There is also an impedance mismatch at the feed 
due to some of the energy reflected by the antenna surface re-entering the feed and its 
transmission line. Both aperture blockage and mismatch due to reflection can be elimi¬ 
nated by the offset feed. 
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Offset-Fed Reflector 9 ' 20 As seen in Tig. 9.10, the feed in this arrangement is placed at 
the focus of the parabola, but the horn is tipped (upwards in the figure) with respect to 
the parabola’s axis. The lower half of the parabolic surface is removed, leaving that por¬ 
tion shown by the solid curve in the figure. The feed is therefore outside the path of the 
energy reflected from the antenna surface. There is no pattern deterioration due to aper¬ 
ture blocking nor is there any significant amount of radiation intercepted by the feed to 
produce an impedance mismatch (high VSWR). 

Although the offset feed eliminates aperture blockage and mismatch of rear and front 
feeds, it introduces problems of its own. Its f/D ratio (focal length divided by diameter) is 
greater than that of conventional paraboloids so that the feeds are larger. Furthermore, this 
type of antenna is generally more difficult to support mechanically. Because of the in¬ 
creased asymmetry of this geometry, when illuminated by a conventional linearly polar¬ 
ized feed, cross-polarized radiation lobes are produced which can reduce radar system per¬ 
formance by indicating false targets. It has been said 10 that when circular polarization is 
used, the offset-fed reflector does not depolarize the radiated field, but the beam will be 
squinted relative to the electrical boresight of the antenna. With the increased importance 
of operating satellite communications with dual orthogonal polarizations, theie have been 
improvements made in the cross-polarization properties ol offset-fed reflectoi antennas. 
Cross-polarized sidelobes of a single-reflector offset-fed antenna can be made comparable 
to the co-polarized sidelobes, and can be much lower if a dual-reflector antenna is used. 

Cassegrain Antenna This is a dual-reflector antenna. Fig. 9.11, with the feed at or near 
the vertex of the parabola rather than at its focus. The larger (primary) reflector has a par¬ 
abolic contour and the (secondary) subreflector has a hyperbolic contour. One ol the two 
foci of the hyperbola is the real focal point of the system. The feed is located at this point, 
which can be at the vertex of the parabola or. more usually, in front of it. 1 he other fo¬ 
cus is a virtual focal point and is located at the focus of the primary parabolic surface. 
Parallel rays coming from a target are reflected by the parabola as a convergent beam and 
are re-reflected by the hyperbolic subreflector so as to converge at the position of the feed. 
There exists a family of hyperbolic surfaces that can serve as the subreflector. The larger 
the subreflector, the nearer it will be to the primary reflector and the shorter will be the 
axial dimension of the antenna assembly. A large subreflector, however, results in laige 
aperture blocking, which may not be desirable. A small subreflectoi leduces aperture 
blocking, but it has to be supported at a greater distance from the primary reflector. 

The chief advantage of the Cassegrain configuration is that the feed at or near the 
apex of the parabola does away with the need for long transmission lines out to a feed at 

Figure 9.10 Parabolic / -- 

reflector with offset feed. / \ 
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Parabola 
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Figure 9.11 (a) Cassegrain 

anfenna showing the hyperbolic 
subreflector, the feed at the 
vertex of the main parabolic 
reflector, and the paths of the 
rays from the feed; (b) geometry 
of the Cassegrain antenna. 




the normal focus of the parabola. Furthermore, it allows greater flexibility in the size of 
the feed system. It is popular for monopulse tracking radars since the microwave hard¬ 
ware for generating the sum and difference patterns can be located behind the reflector 
without increasing aperture blocking. It has also been a good structure for experimental 
systems that use radar and other electromagnetic systems for different purposes, such as 
in the MIT Lincoln Laboratory Haystack Hill microwave research system. In that system 
there were separate RF systems for radar, radiometer, and space communications which 
operated at various frequencies. Each was constructed in replaceable modules, 8 by 8 by 
12 ft in size, which were mounted directly behind the primary reflector. 23 

The antenna noise temperature (Sec. 11.2) of a Cassegrain configuration is usually 
smaller than that of a conventional front-focus antenna since there are no lossy transmis¬ 
sion lines between the receiver and the feed. Also, the sidelobes caused by the spillover 
of the feed radiation from the subreflector illuminate the cold sky rather than the warm 
earth. Low antenna noise temperature is important for antennas used for radio astronomy 
or space communications, but it is generally not an issue in radar since extremely low- 
noise receivers are not always desirable, especially for military applications. 

Aperture Blocking in the Cassegrain Antenna The hyperbolic subreflector of the 
Cassegrain antenna causes aperture blocking. Aperture blocking can be reduced by de¬ 
creasing the size of the subreflector. This requires that the feed be made more directive 
or moved closer to the subreflector in order to minimize the spillover from the subre¬ 
flector. A more directive feed means a larger feed that partially shadows the primary re¬ 
flector and contributes to blockage. Thus blockage includes the obstacle presented by the 
feed as well as the subreflector. Minimum total aperture blocking occurs when the area 
of the subreflector and the projected area of the feed are equal. 24 

Polarization-Twist Reflector 24 The technique diagrammed in Fig. 9.12 can reduce aper¬ 
ture blocking if the application permits the antenna to operate with only a single polar¬ 
ization. The subreflector consists of a horizontal grating of wires, called a transreflector. 
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igure 9.12 Polarization-twist 
iassegrain antenna. Aperture 
locking by the subreflector is 
;duced with this design. 


Main reflector with 



It will pass vertically polarized radiation with negligible attenuation but will reflect hor¬ 
izontal polarization radiated by the feed. At the primary reflector the horizontally polar¬ 
ized radiation reflected by the subreflector is rotated 90° by the twist reflector. The twist 
reflector consists of wires oriented 45° to the incident polarization and placed one-quar¬ 
ter wavelength from the reflector’s surface. Half the energy incident on the wires oriented 
at 45° passes through the grating; the other half is reflected. The one-quarter wavelength 
spacing of the wire grid from the reflector surface results in half-wavelength total travel 
of the component reflected from the surface. When combined with the component re¬ 
flected from the wire grid, the resultant polarization is rotated 90°, and is therefore ver¬ 
tically polarized. This vertically polarized component is perpendicular to the horizontal- 
wire grid of the subreflector and passes through with negligible attenuation. The twist 
reflector as described above is narrowband, but it can be made to have very wide band- 
widths. 25 ’ 26 

Gregorian Antenna The Gregorian antenna uses a dual-reflector similar to the 
Cassegrain except that the subreflector is an ellipsoid with one of its foci at the focus of 
the primary paraboloidal reflector. The ellipsoid lies- beyond the focus of the paraboloid, 
instead of closer to it as does the subreflector of the Cassegrain. Also in the Gregorian 
configuration, the concave side of the secondary reflector ellipsoid faces the primary re¬ 
flector, which differs from the Cassegrain in which the secondary reflector has its convex 
side facing the feed. The Gregorian has not seen as much application to radar as has the 
Cassegrain. There are other multireflector antennas; but they also have not had significant 
radar application. 

Parabolic Cylinder Another method for obtaining an asymmetrical antenna pattern is to 
use a parabolic cylinder, shown in Fig. 9.13. This antenna surface is generated by mov¬ 
ing the parabolic contour parallel to itself. A line source, such as a linear array, located 
at the focus of the cylinder is used to illuminate the parabolic-cylinder reflector (the fo¬ 
cus is a line rather than a point). The beamshape and beamwidth in the plane containing 
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Figure 9.13 Example of a 
vertically oriented parabolic 
cylinder reflector antenna with a 
linear-array feed. This is the 
antenna used for the U.S. Marine 
Corps AN/TPS-63 air-surveillance 
radar. 

I (Courtesy Northrop Grumman Corp.) 



the linear feed are determined by the illumination of the line-source feed, while the 
beamwidth in the perpendicular plane is determined by the illumination across the para¬ 
bolic profile. The reflector is usually made slightly longer than the linear feed to avoid 
spillover and diffraction effects. 

An advantage of the parabolic cylinder is that the large number of individual radia¬ 
tors on its linear-array (line-source) feed provides more control of the aperture illumina¬ 
tion than does a single point-source feeding a paraboloid. The aperture illuminations re¬ 
quired for low-sidelobe radiation patterns are more readily achieved with a parabolic 
cylinder than a paraboloid or a section of a paraboloid because of the control that can be 
applied at each of the radiating elements of the linear-array feed. The line feed, however, 
shapes the radiated beam in one plane only. Shaping of the beam in the orthogonal plane 
is determined by the reflector. Precise elevation-beam shaping is the purpose of the par¬ 
abolic cylinder shown in Fig. 9.13, where the cylindrical antenna is oriented in the verti¬ 
cal so that the elevation radiation pattern can be shaped to minimize the radiation that 
strikes the ground. 

The parabolic cylinder can generate an asymmetrical fan beam with a much larger 
ratio of the two orthogonal beamwidths than can a section of a paraboloid. Aspect ratios 
greater than 8:1 are practical with a parabolic cylinder but are difficult to achieve with a 
section of a paraboloid. Also, there is usually less depolarization on reflection from a par¬ 
abolic cylinder than from a paraboloid. 


9.5 ELECTRONICALLY STEERED PHASED ARRAY ANTENNAS 

Background A phased array is a directive antenna made up of a number of individual 
antennas, or radiating elements. Its radiation pattern is determined by the amplitude and 
phase of the current at each of its elements. The phased array antenna has the advantage 
of being able to have its beam electronically steered in angle by changing the phase of 
the current at each element. The beam of a large fixed phased-array antenna therefore can 
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be rapidly steered from one direction to another without the need for mechanically posi¬ 
tioning a large and heavy antenna. A typical phased array radar for microwave radar might 
have several thousand individual radiating elements using, for example, ferrite or diode 
phase shifters that allow the beam to be switched from one direction to another in sev¬ 
eral microseconds, or less. 

Electronically steerable phased arrays are of interest because they can provide: 

• Agile, rapid beam-steering. 

• Potential for large peak and large average power. Each element can have its own trans¬ 
mitter. The power-aperture product can be large, especially at the lower frequencies. 

• Multiple-target tracking. This can be accomplished either by generating multiple, si¬ 
multaneous, independent beams or by rapidly switching a single beam to view more 
than one target in sequence. 

® A convenient means to employ solid-state transmitters. 

• Convenient shape for flush mounting or for blast hardening. 

• Control of the aperture illumination because of the many antenna elements available. 

• A lower radar cross section, if properly designed. 

• Operation with more than one function (a multifunction radar), especially if all func¬ 
tions are best performed at the same frequency. 

The chief disadvantages of a phased array radar are that it is complex and can be of high 
cost. Although an advantage of a phased array is that it can perform multiple functions in 
a sequential (time-shared) manner, its ability to employ multiple functions requires seri¬ 
ous compromises for some applications. 

A linear array consists of antenna elements arranged in a straight line in one di¬ 
mension. It was mentioned in the last section that a linear array can be used as the feed 
for a parabolic cylinder antenna. A planar array is a two-dimensional configuration of 
antenna elements arranged to lie in a plane. In both the linear and planar arrays, the ele¬ 
ment spacings usually are uniform (equal spacing). The planar array may be thought of 
as a linear array of linear arrays. Most phased arrays of interest for radar are planar, but 
in this section we will start with the linear array as the model since it is simpler to ana¬ 
lyze. A broadside array is one in which the direction of maximum radiation is perpen¬ 
dicular to, or almost perpendicular to, the plane (or line) of the antenna. An endfire array 
has its maximum radiation parallel to the array or at a small angle to the plane of the 
array. 

Radiation Patterns of Phased Arrays Consider, as in Fig. 9.14, a receiving linear array 
made up of N elements equally spaced a distance d apart. The elements are assumed to 
be isotropic radiators in that they have uniform response for signals from all directions. 
Although isotropic radiators are not realizable in practice, they are a convenient concept 
in array theory. The outputs received from all N elements are summed via lines of equal 
length to produce a sum output voltage E a . Element 1 will be taken as the reference with 
zero phase. From simple geometry, the difference in path length between adjacent ele¬ 
ments for signals arriving at an angle 9 with respect to the normal to the antenna, is 
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Figure 9.14 N-element receiving, parallel-feed, linear array, with equal lengths of transmission lines between each 
antenna element and the antenna output (at the bottom on the figure). 


d sin 8. This gives a phase difference between adjacent elements of <j> = 2tr(d/X) sin 8, 
where A = wavelength of the received signal. It is assumed that there is no further am¬ 
plitude or phase weighting of the received signals. For convenience, we take the ampli¬ 
tude of the received signal at each element to be unity. The sum of all the voltages from 
the individual elements, when the phase difference between adjacent elements is cf >, can 
be written 

E a = sin cot + sin(<uf +(/)) + sin(«f + 2(j>) + ••• + sin| cot + (N — 1)4>] [9.22] 

where co is the angular frequency of the signal. The sum can be written 27 



cot + (N - 1) 


sin (N4>!2) 
2 sin (<p/2) 


[9.23] 


The first factor is a sinewave of frequency co with a phase shift (TV — 1 (If the phase 
reference were taken at the center of the array instead at the left-hand side, this phase shift 
would be zero. In any event this factor is not as important as the second factor.) The sec¬ 
ond factor is an amplitude of the form (sin AA)/(sin X). The magnitude of Eq. (9.23) rep¬ 
resents the field-intensity pattern, or 


\E a (8)\ = 


sin \NTried A) sin 6] 
sin| 77W/A) sin 8] 


[9.24] 


The field-intensity pattern has zeros when the numerator is zero. This occurs when Nnid/X) 
sin 8 = 0, ± 7 r, ±2tt, . .., ±mr, where n = integer. The denominator, on the other hand, 
is zero whenever ir(d/X) sin 8 = 0, ±77, ±27r, ..., ±mr. When the denominator is zero, 
it is seen that the numerator is also zero, and the value of \E a {8)\ = 0/0 is indetermi¬ 
nate. By applying L’Hopital’s rule (differentiating numerator and denominator separately) 
it is found that \E a {6)\ is a maximum and is equal to N when sin 8 = ±nXJd. The maxi¬ 
mum at 9 = 0 defines the main beam of the field-intensity pattern. The other maxima are 
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called grating lobes and are of the same magnitude as the main beam. They are generally 
undesirable in that they can cause ambiguities by being mistaken for the response of a 
target in the main beam. Grating lobes can be avoided if the spacing d between elements 
is equal to or less than A. (There is still a grating lobe at 0 = ±90° when d = A, but prac¬ 
tical radiating elements are not isotropic and can have negligible radiation ±90°.) 

Equation (9.24) indicates that EJ 0) = E„{tt — 0); which means that an array of 
isotropic elements has a similar pattern in the rear of the antenna as in the front. The same 
is true for an array of dipole antennas. To avoid ambiguities between echoes from the 
front and the rear, the backward radiation can be eliminated by placing a reflecting screen 
behind the array so that only radiation over the forward half of the array antenna (—90° 
< 0 < +90°) need by considered. The field-intensity pattern with a back screen will be 
different from that of Eq. (9.24). 

The normalized radiation pattern of an array of isotropic elements, which is some¬ 
times called the array factor, is 


E a | 2 _ sin 2 [Ntiid/A) sin 0] 
N 2 N 2 sin 2 [vid/X) sin 0] 


19 . 25 ] 


If Nd = D, the antenna dimension, and if the sine in the denominator can be replaced by 
its argument (implying that the angle 0 is small), the pattern of the uniformly illuminated 
array is similar to the pattern of a uniformly illuminated line-source antenna, as was given 
by Eq. (9.14). The half-power beamwidth of this uniformly illuminated array of N ele¬ 
ments when d = A/2 is approximately 




102 

N 


[ 9 . 26 ] 


When N is sufficiently large, the first (and largest) sidelobe is 13.2 dB below the main- 
beam maximum value. 

When the radiating elements are not isotropic, the antenna radiation pattern of Eq. 
(9.24) has to be modified by the radiation pattern G e (0) of an individual directive element, 
so that 


G(0) = GJH) 


sin 2 [Nv(d/\) sin 0] 
N 2 sin 2 [ 7 fd/X) sin 0] 


= G e (0) GJ. 0) 


[ 9 . 27 ] 


This is the product of the element factor GJ0) times the array factor G a (0), the latter be¬ 
ing the pattern of an array composed of isotropic elements. Grating lobes caused by ele¬ 
ment spacings greater than half-wavelength may be eliminated by using directive elements 
whose pattern is zero or small in directions of undesired grating lobes. For example, if 
the element spacing d = 2A, grating lobes occur at ±30° and ±90°, in addition to the 
main beam at 0 = 0°. If the individual radiating elements, for example, have a radiation 
pattern whose null width (defining its main beam) is less than 60°, the grating lobes pro¬ 
duced by the array factor will be suppressed. When this occurs, the antenna beam cannot 
be steered beyond the coverage of the individual elements that make up the array. 

Equation (9.27) assumes that the radiation pattern of each element is the same. This 
is not true in practice, however. The radiation from an element in an array will be affected 
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by the mutual coupling among elements and the coupling due to the outward-traveling 
wave. An element in the center of the array sees a different electromagnetic environment 
from an element at the edge of the array. The radiation patterns of the elements will not 
be the same and will depend on the mutual coupling. Thus the pattern of an individual 
element depends on where it is located within an array. In order to obtain a more accu¬ 
rate representation of the radiation pattern of an array antenna, the pattern of each ele¬ 
ment within the array should be measured (or otherwise determined) in the presence of 
all others. Because the element pattern is not the same for each element, the radiation pat¬ 
tern of Eq. (9.27) is only an approximation, but one which has been widely employed. 


Two-Dimensional Radiation Pattern In a two-dimensional, rectangular planar array 
whose aperture illumination can be separated into two orthogonal planes such as the hor¬ 
izontal and the vertical planes, the radiation pattern may then be written as the product 
of the radiation patterns in these two planes (sometimes called principal planes of the an¬ 
tenna). If the radiation patterns in the two principal planes are G\(0 a ) and G 2 (9 e ), the two- 
dimensional antenna pattern in this case is 

G(0 a ,0 e ) = G,(0 a ) G 2 (9 e ) [ 9 . 28 ] 

The angles 0 a and 9 e are not necessarily the elevation and azimuth angles normally asso¬ 
ciated with radar antennas. The normalized radiation pattern of a uniformly illuminated 
rectangular array of isotropic elements with spacing d is 

G(0 a ,0 e ) = sin 2 [NTrjd/X) sin 0 d ] sin 2 \My(d/\) sin 0 e ] [929] 

N 2 sin 2 [rr{d/A) sin 9 a \ M 2 sin 2 [ir(dlX) sin 0 e \ 

where N = number of (vertical) columns of the array that give rise to the (azimuth) angle 
9 a and M = number of (horizontal) rows that generate the (elevation) angle 9 e . The above 
assumes the spacing between elements in the two directions is the same; but if they are 
not, the required modification is simple. Since array elements are not isotropic, the two- 
dimensional element factor should multiply this equation to obtain the antenna pattern. 


Beam Steering and Array Feed Networks The beam of a linear array can be steered in 
angle by changing the relative time delays between the elements. Consider, as in Fig. 
9.15a, two elements of a many-element array spaced a distance d apart. The signal from 
a direction 0 O , relative to the normal to the two elements, arrives at element 2 before it 
arrives at element 1. If the signal is delayed at element 2 for a time AT = {die) sin 9 , it 
will be in time coincidence (congruent) with the signal at element 1. If they are added to¬ 
gether, it is as though the “main beam” of this simple two-element array was pointed in 
the direction 0 O . Beam steering occurs by changing the time delay. Inserting variable true- 
time-delays at each element of a many-element phased array, however, can be quite com¬ 
plicated and is generally unattractive with available technology. Instead, it is much sim¬ 
pler to employ a (modulo 2tt) phase shift equal to </> = 277 f 0 AT = 2ir{d!X) sin 9 0 , where 
/o = frequency. The signals are then in phase rather than coincident in time. This is il¬ 
lustrated by Fig. 9.15b. 

In a linear array, the phase shift that needs to be inserted at each of the elements in 
order to have all the signals with the same phase is mej), where m, an integer from 0 to 


s 
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Figure 9.15 Two array elements 
spaced a distance d apart with a 
received signal arriving at an angle 
0 O measured with respect to the 
broadside direction, (a) Beam 
steering based on true time-delay; 

(b) beam steering using a phase 
shifter that is variable over the range 
from 0 to 2ir radians. 



N - 1, is the number of the element relative to the reference element. This means that the 
phase difference between elements is </>. The normalized radiation pattern of a linear ar¬ 
ray of isotropic elements is 

G(ff) = sin 2 [iV7r(r//A)(sin 6 - sin 0 O ] [93Q] 

N 2 sin 2 [7r(d/A)(sin 6 — sin 0 O ] 

The maximum of this pattern occurs when sin 0 = sin 0 O ; hence, 0 O is the direction at 
which the main beam points. As before, the element pattern should multiply this equation 
to get the antenna radiation pattern. Thus the beam can be steered in an array by chang¬ 
ing the phase shift at each element. 

Feeding an Army Variable phase shifters may be used at each element of a linear 
array to steer the beam as illustrated by the simple four-element array of Fig. 16a. 
This is called a parallel-fed array. The difference in phase between elements is (f> = 
2n{dlA) sin 0 O . When a series of power splitters, such as hybrid junctions, are used to cre¬ 
ate a tree-like structure as in the figure, it is sometimes called a corporate feed, since it 
vaguely resembles (when turned upside down) the organization chart of a corporation. 
Equal lengths of line between the elements and the transmitter/receiver are desired, but 
that is not always possible. The phase at each element should be the same (other than that 
introduced by the phase shifter). If the power is equally divided among all the elements 
and if the loss at each element is L ps , then the entire loss in the parallel feed network is 
also given by L ps . 

A series-fed linear array is shown in Fig. 9.16b. Each phase shifter has the same 
phase, which means that only one steering command (the phase 4>) need be generated, as 
compared to the N — 1 phase commands needed for the parallel-fed array. This is an ad¬ 
vantage since it simplifies the computer that has to generate the phase commands. A se¬ 
rious disadvantage, however, of the series-fed array is its high loss. If the loss of each 
phase shifter is L ps , then the loss through the array feed network is (N - 1 )L ps . Since it 
is not unusual for the loss of a phase shifter to be a significant fraction of a dB and since 


Figure 9.16 Steering of a linear array with 
variable phase shifters: (a) parallel-fed; (b) series-fed 
from one end; (cj series-fed from the center. 
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(c) 


there might be many tens of elements in a linear array, the loss with a series feed is gen¬ 
erally unacceptable. 

There are two ways in which a series-fed array can be acceptable. One is when fre¬ 
quency scanning (Sec. 9.7) is used with low-loss waveguides connecting the elements. 
(The frequency scan array does not employ lossy phase shifters.) The other is when power 
amplifiers and low-noise receivers are placed between the phase shifter and the radiating 
element. There is still loss, but it is at low power level on transmit since it occurs before 
the power amplifier. On receive, the loss due to the phase shifter occurs after signal am¬ 
plification so that it doesn’t seriously affect the receiver overall noise figure. 

The series-fed array, even when it is configured to have an acceptable low loss, is 
sensitive to changes in frequency. It has the properties of a frequency-scan array in that 
the direction of its beam will change with a change in frequency. Compensation for the 
shift of the beam position due to a change in frequency can be made in the computer by 
having it indicate the true beam-pointing direction for any given frequency. Inadvertent 
beam-steering with frequency can be avoided if the array is fed from the center as indi¬ 
cated in Fig. 9.16c. Although the beam is not shifted in angle, its beamshape will change 
with frequency. 

The phase shifters in a two-dimensional parallel-fed planar array of M X A elements 
require M + N - 2 separate control signals. A two-dimensional series-fed array, however, 
requires but two control signals. 



566 


chapter 9 * The Radar Antenna 


Grating Lobes Using an argument similar to the nonscanning array described previ¬ 
ously, grating lobes will appear at an angle (or angles) 9 g whenever the denominator of 
Eq. (9.30) is zero, which means that 


77 —(sin 9 g — sin 9 0 ) = 
A 


:«77 


19.31] 


or 


I sin 9 g — sin 9 0 \ = n — 
a 

From this equation it is found that the element spacing d should be no greater than half 
wavelength in order to avoid grating lobes. With d = A/2, a grating lobe will only appear 
at Q g = —90° when the main beam is steered to Q 0 = +90°. Practical phased arrays, how¬ 
ever, cannot scan ±90°. If the scan were limited to ±60°, Eq. (9.31) states that the ele¬ 
ment spacing should not be greater than 0.54A. 


Change of Beamwidth with Steering Angle As the beam of a phased array scans in an¬ 
gle Q 0 from broadside, its beamwidth increases as l/(cos 6 0 ). This may be shown by as¬ 
suming the sine in the denominator of Eq. (9.30) can be replaced by its argument, so that 
the radiation pattern is of the form (sin 2 u)/u 2 , where u = A 7 77(Y//A)(sin 6 - sin Q 0 ). The 
(sin 2 u)/u 2 antenna pattern is reduced to half its maximum value when u = ± 0.44377. De¬ 
note by 6+ the angle corresponding to the half-power point when 6 > 6 0 , and denote by 
6 the angle corresponding to the half-power point when 9 < 9 0 ; that is, 9+ corresponds 
to u = +0.44377 and 0 to u = -0.44377. The sin 9 - sin 9 0 term in the expression for 

no 

u can be written 


sin 0 - sin 9 0 = sin (6 - 0 O ) cos 0 o — [1 - cos (0 — 9 0 )] sin 0 O [9.32] 


The second term on the right-hand side of this equation can be neglected when 9 0 is small 
(beam is near broadside), so that sin 9 — sin 9 0 ~ sin (9 — 0 O ) cos Q 0 . With this approx¬ 
imation, the two angles corresponding to the half-power (3 dB) point of the antenna pat¬ 
tern are 


9+ — 6 0 = sin 


6- - 0 O = sin 1 


0.443A ^ 0.443A 

Nd cos 9 0 Nd cos 0 O 

—0.443A —0.443A 


Nd cos 0 O Nd cos 9 0 


The half-power beamwidth is 


r 


0 B = 0+ ~ 0- “ 


0.886A 
Nd cos 9 0 


[9.33] 


Thus when the beam is scanned an angle 9 0 from broadside, the beamwidth in the plane 
of scan increases as (cos 0 O ) 1 . This expression, however, is not valid when 0 O is large, 
and the array performance can be much worse. In addition to the approximation made in 
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this derivation not being valid at large angles, mutual coupling effects can increase as the 
beam is scanned from broadside. At a scan angle of 60° from broadside, the beamwidth 
of a practical phased array antenna increases by more than the factor of 2 predicted from 
Eq. (9.33) and the sidelobe levels increase more than expected from simple theory. 

Equation (9.33) applies for a uniform line-source distribution, which seldom is used 
in radar. With a cosine-on-a-pedestal aperture illumination of the form a 0 + 2a x 
cos(2777 i/N) for a linear array of N elements with spacing d, the beamwidth is approxi¬ 
mately 29 

0B ~ - £ ) - 886A [1 + 0.636(2u 1 /fl 0 ) 2 ] [9.34] 

Nd cos 0 O 

where a 0 and are constants, and the parameter n in the aperture illumination represents 
the position of the element. Since the illumination is assumed to be symmetrical about 
the center element, n takes on values of 0, ±1, ±2,..., ±(N - l)/2. The antenna aper¬ 
ture illuminations cover the span from uniform illumination to a tapered illumination that 
drops to zero at the ends of the array. (The effect of the array is assumed to extend a dis¬ 
tance d/2 beyond each end element.) Although the above applies to a linear array, simi¬ 
lar results are obtained for a planar aperture; that is, the beamwidth varies approximately 
inversely as cos 6 0 . 

A consequence of the beamwidth increasing with scan angle is that the antenna gain 
also decreases with scan angle as cos 0 O . 


9.6 PHASE SHIFTERS 

The shift in phase of a signal of wavelength A transiting a line of length l at a velocity v 
is 

4> = 27r//A = 2vfl/v = 277/ZV/e [9.35] 

where the frequency/ = v/A, /j. = permeability and e = permittivity. Usually the velocity 
of propagation v of electromagnetic waves is taken to be the velocity of light c; but with 
phase shifters it can be different. Here we have assumed for simplicity that the velocity 
of propagation corresponds to that in a TEM transmission line such as a coaxial cable, so 
that v = 1/V/re. The velocity of propagation of TE and TM waves propagating in wave¬ 
guides is a bit more complicated than the above, but it is still proportional to 1/Vyue. 
Based on the far right-hand side of this equation, the various methods for obtaining a 
change in the phase shift may be summarized as follows: 

• Frequency f. This is a relatively simple method for electronically scanning a beam. It 

was the first practical method for electronic beam steering and was at one time widely 
employed for many phased array radars. In spite of its simplicity, it is no longer pop¬ 
ular since it restricts the use of bandwidth for other than beam-steering purposes and 
it is only practical for electronically steering the beam in one angular coordinate. Fre¬ 
quency scanning has been superseded by the development of other methods for phase 
shifting that do not have its limitations. 
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• Line length l. This may be accomplished by electronically switching in or out vari¬ 
ous lengths of transmission line to achieve the desired phase shift. Diodes are often 
used as the switches. 

• Permeability jx. Ferrite, or ferrimagnetic, materials exhibit a change in permeability 
and therefore a change in phase, when the applied magnetic field is changed. They 
have been popular for use at the higher microwave frequencies. 

® Permittivity e. The permittivity, or dielectric constant, of ferroelectric materials 
changes with a change in applied voltage. A change in the current of an electrical 
discharge also results in a change in the electron density which produces a change in 
permittivity. 

• Velocity v. Changes in p. and e cause the velocity of propagation to change; but a 
change in velocity can be had directly by changing the broad dimension of a rectan¬ 
gular waveguide, the so-called “a” dimension. By varying the “ a ” dimension of a rec¬ 
tangular waveguide, the proper phase change can be applied across an entire row of 
radiators of a linear array antenna to scan a beam in one angular coordinate. This 
form of rapid one-dimensional scanning was used for many years in A-band landing 
radars. It was called a delta-a scanner or an eagle scanner. The beam could be me¬ 
chanically scanned over an angle of about 60° at a rate of 10 times per second. 

All of the above have been employed or seriously considered as phase shifting devices 
for phased arrays. There are many other devices that can be used to obtain a phase shift 
for phased array radars, as has been mentioned in previous editions of this text; but the 
most popular are those that use ferrites or diodes. 

Early electronic phase shifters were analog. Their phase shift could be continuously 
adjusted. Later they were replaced by digital phase shifting in which the values of phase 
took on discrete values, generally in binary steps. For example an A-bit phase shifter cov¬ 
ers 360° of phase change in 2 N steps. Four-bit phase shifters with phase increments of 
22.5° are commonly used, but digital phase shifters can have much finer quantization if 
needed. Although the analog phase shifter permits continuous variation of the phase shift, 
the relationship between its control current (or voltage) and phase is usually not linear, 
so that setting an analog phase shifter to a precise value of phase might not be as easily 
accomplished as obtaining similar or better accuracy with a digital device. Digital phase 
shifters have come to be the preferred method. Phase shifters have also been known as 
phasors. 

Phase shifters for most phased array radar applications should be: 

8 Able to change phase rapidly (a few microseconds) 

8 Capable of handling high peak and high average power 

• Require control signals that operate with little drive power (generally, one wouldn't 
want to use more power to drive the phase shifters than the total power that is radi¬ 
ated by the antenna) 

8 Low loss (a fraction of a dB if it is not used in an active aperture radar) 

• Insensitive to changes in temperature 

6 Of small size (to fit within an element spacing of about a half-wavelength) 
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* Low weight (especially for airborne or mobile radars) 

s Low cost (since the cost of a phase shifter is multiplied by the total number of phase 
shifters in the system). 

There have been many types of phase shifters examined for radar application, and they 
possess these properties in varying degrees. No one type of phase shifter is sufficiently 
universal to meet the requirements of all applications. 

Diode Phase Shifters " 0-34 The semiconductor diode works well as a switching device 
for radar phase shifters. They are capable of relatively high power and low loss, and they 
can be switched rapidly from one state to another (low impedance to high impedance, or 
vice versa). They are not significantly affected by normal changes in temperature; they 
can be switched with low control power; and they are compact in size. They lend them¬ 
selves well to microwave integrated circuitry and are capable of being used over the en¬ 
tire range of frequencies of interest to radar, except their loss increases and their power 
handling decreases at the higher microwave frequencies. 

There have been three methods by which diodes have been used: (1) digitally switched 
lines, (2) hybrid coupled, and (3) loaded-line. Each will be briefly discussed. 

Digitally Switched Lines A digital phase shifter can be obtained using a cascade of 
switched lines of length A/2, A/4, A/8, and so forth. An (V-bit phase shifter has N line 
lengths. Figure 9.17, for example, is a four-bit cascade of digitally switched phase shifters 
capable of switching in or out lengths of line equal to A/16, A/8, A/4, and A/2 to obtain a 
quantization level of A/16, which corresponds to a phase increment of 360/16 = 22.5°. 
Each phase bit consists of two lengths of line that provide the differential phase shift, and 
two single-pole, double-throw switches made up of four diodes. In this diagram, when the 
upper two switches are open, the lower two are closed, and vice versa. In the “zero” phase 
state, the phase shift is not zero, but is some residual amount <f> 0 , so that the two states 
are cf> 0 and cf> 0 + A<f> 0 . The difference A cj> 0 is the desired phase increment. The residual 
phase of the zero state has to be calibrated out in the radar system. 

Hybrid Coupled The hybrid-coupled phase bit, as shown in Fig. 9.18, uses a 3-dB hy¬ 
brid junction with balanced reflecting terminations connected to the coupled arms. Two 
switches (diodes) control the phase change. The 3-dB hybrid junction has the property 
that a signal at port 1 is divided equally in power between ports 2 and 3, and no signal 
power appears at port 4. The diodes act to either pass or reflect the incident signals, 

Figure 9.17 Digital phase shifter 
with four-bit diode-switched line lengths 
with A/16 quantization. Particular 
arrangement shown gives 1 35° of 
phase shift (3/8 wavelength). 



Individual 
phase bit 









depending on the bias applied to the diode. When the diodes allow the signals to pass, 
they are reflected by short circuits located farther down the transmission lines. The re¬ 
flected signals combine at port 4, but no reflected signal appears at port 1. If the diode 
impedances are such as to reflect rather than pass the signals, the total path length trav¬ 
eled is less. The difference A/ is the two-way path length with the diode switches open 
and closed, and is chosen to correspond to the desired increment of digitized phase shift. 
An N-bit phase shifter can be obtained by cascading N such hybrid junctions and diode 
switches, with different lengths of lines for each bit. 

Loaded Line This is a little different from the two diode phase shifters mentioned above. 
As shown in Fig. 9.19, it consists of a transmission line periodically loaded with spaced, 
switched impedances, or susceptances. Diodes are used to switch between the two states 
of susceptance. The spacing between diodes is one-quarter wavelength at the operating 
frequency. Adjacent quarter-wave-spaced loading-susceptances are equal and can take ei¬ 
ther of two values. If the magnitude of the susceptance is small compared to the charac¬ 
teristic impedance of the line, the quarter-wave spacing will result in cancellation of the 
reflections from any pair of symmetrical susceptances so that there will be matched trans¬ 
mission for either of the two susceptance conditions. Each pair of diodes spaced a quar¬ 
ter-wave apart produces an increment of the total phase required. Shunt capacitive ele¬ 
ments increase the electrical length of the line and shunt inductive elements decrease its 
length. The number of pairs of shunt susceptances determines the total transmission phase 
shift. To obtain high power-handling capability, many such sections with small phase in¬ 
crements can be used so there are a large number of diodes available to share the power. 


Figure 9.19 Periodically 
loaded-line phase shifter. 
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The advantage of the loaded line is its ability to handle larger power than other diode- 
based phase shifters. If the largest practical phase shift per diode pair is A/16 (or 22 5°) 

32 diodes would be needed to shift the phase 360°. 

Comparison of Diode Phase Shifters The hybrid-coupled phase shifter generally has 
less loss than the other two, uses the least number of diodes, and can be made to operate 
over a wide band. The switched-lines phase shifter uses more diodes than the other types 
and has an undesirable phase-frequency response that can be corrected at the expense of 
a higher insertion loss. It is often used in solid-state TR modules where the phase shift¬ 
ing is done at low power ahead of the power amplifier on transmit and following the re- 
ceiver front end on reception. For a four-bit phase shifter with a total phase change of 
360 , the loaded line requires 32 diodes, the switched line 16, and the hybrid-coupled 
shifter needs only 8 diodes. The theoretical peak power capability of the switched-line 
device is twice that of the hybrid-coupled circuit since voltage doubling is produced by 
the reflection of the hybrid junction. The switched-line phase shifter has the greatest in¬ 
sertion loss, but its loss does not vary with the amount of phase shift as it does in the 
other two types of circuits. 

Diode phase shifters have been built in practically all types of transmission-line me¬ 
dia, including waveguide, coax, and stripline. Microstrip is useful for medium power de¬ 
vices because of its ease of manufacture and circuit reproducibility, as well as its reduced 
size, weight, and cost of production. Diode chips can be mounted directly on the substrate 
without the parasitic reactances of the diode package. 

A multiple-bit diode phase shifter need not be constructed with just one type of phase 
shifting device. The loaded-line is often preferred for small phase increments because of 
its compact size. It is not as suitable for large phase increments because it is difficult to 
match in both states when large. For example, a four-bit phase shifter might use a loaded- 
line configuration for the 22.5 and 45° bits, and the hybrid-coupled reflection circuit for 
the 90 and 180° bits to obtain the minimum insertion loss with suitable bandwidth and 
power-handling capability. 

PIN Diodes The PIN diode has been a popular choice for use in diode phase shifters 
since it can handle higher power than other diodes; it can be designed to have relatively 
constant parameters in either or its two states-; and it can have switching times from a few 
microseconds for high-voltage diodes to tens of nanoseconds with low-voltage operation. 
(Typically, switching times of the order of one or a few microseconds are quite suitable 
for most radar applications.) As sketched in Fig. 9.20, the PIN diode consists of a thin 
slice of high-resistivity intrinsic semiconductor material sandwiched between heavily 
doped low-resistivity P and N + regions. The intrinsic region acts as a slightly lossy di- 
electnc at microwave frequencies, and the heavily doped regions are good conductors. 
When d-c biased in the reverse (nonconducting) state, it resembles a low-loss capacitor 
since it is essentially an insulator situated between two conductors. Its parallel-plate ca¬ 
pacitance is determined by the dielectric of the intrinsic region and is independent of the 
reverse-bias voltage. The series resistance is determined by the resistivity and geometry 
of the metallic-like P and N regions. In the forward-bias (conducting) state, when appre¬ 
ciable current is passed, the injection of holes and electrons from the P and N regions, 
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Figure 9.20 PIN diodes and 
simplified equivalent circuit for 
forward and reverse states. 
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respectively, creates an electron-hole plasma in what was formerly the dielectric region. 
Thus the slightly lossy dielectric is changed to a fairly good conductor with the applica¬ 
tion of forward bias. The capacitive component of the circuit disappears and the equiva¬ 
lent circuit becomes a small resistance that decreases with increasing forward current. The 
resistance can vary from thousands of ohms at zero bias to a fraction of an ohm with tens 
of milliamperes bias current. With forward bias, the diode resembles a resistance of low 
value. 


Varactor Phase Shifters The varactor, or variable capacitance semiconductor, also can 
be used as the switch in a diode phase shifter. Its capacitance is varied by a change in 
voltage under reverse bias. It is capable of very rapid switching, of the order of a nanosec¬ 
ond, but its average-power handling is limited to a few tens of milliwatts as compared to 
about 100 W for a PIN diode. 35 The varactor peak-power rating is about 100 times less 
than that of the PIN. Instead of being used as a switch as is the PIN diode, the varactor 
can be employed as an analog (continuously variable) voltage-tuned phase shifter. This 
property has been used as an added module in a 6-bit digital diode phase shifter to pro¬ 
vide a continuously variable phase change of from 0 to 11°. 36 

Monolithic Microwave Integrated Circuit (MMIC) Phase Shifters 37,38 The diode phase 
shifters that have been discussed thus far have generally been implemented as hybrid mi¬ 
crowave integrated circuits (MIC) in that the passive components are deposited on the sur¬ 
face of a low-loss dielectric substrate and the active semiconductor devices are either 
bonded or soldered to the passive circuit. Phase shifters can also be constructed using 
monolithic microwave integrated circuit (MMIC) technology in which the entire circuit 
of passive elements, active devices, and interconnections are incorporated into a single 
semiconductor substrate. A MMIC phase shifter can be of much smaller size and weight 
than similar devices in hybrid MIC. They provide better reliability, they are highly re¬ 
producible because of the absence of wire bonds, and they can be produced economically 
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with high-volume production. Because of their small size they can be integrated on a sin¬ 
gle chip with other circuit functions such as power amplification, low-noise receiver front- 
end, and switching to form a compact T/R (transmit/receive) module for use in active ar¬ 
ray antennas. These advantages are accompanied, however, by the loss of flexibility in 
circuit tuning and troubleshooting that is available in hybrid MIC. This loss of flexibility 
to adjust (or tweak) the circuits means that more attention has to be paid to the use of 
computer-aided design to insure that the device, once manufactured, will do its job. 

MMIC devices have usually utilized gallium arsenide (GaAs) metal semiconductor 
field-effect transistors (MESFET) as the switches for digital phase shifting. Although sil¬ 
icon technology has been extensively employed at the lower and middle microwave fre¬ 
quency regions, GaAs is preferred at the higher frequencies where MMIC techniques are 
employed. MESFETs are capable of rapid switching speeds of less than a fraction of a 
nanosecond, and they operate with relatively low d-c bias power. 

The high-pass/low-pass phase-shifter configuration. Fig. 9.21, has been used with 
MESFETs as the switching elements for MMIC phase shifters. Its small size results from 
lumped elements being used, rather than distributed elements. A change in phase is ob¬ 
tained by switching between a high-pass filter and a low-pass filter. The insertion of a 
high-pass filter produces a phase advance and the insertion of a low-pass filter produces 
a phase delay. 

Phase shifters using monolithic microwave integrated circuits at the higher microwave 
frequencies have been reported^ 8 to have wide bandwidth and constant phase shift over 
the band, insertion losses of 5 to 10 dB, and a maximum dimension of from a few mil¬ 
limeters to about a centimeter. The high loss has only a small effect since it occurs at a 
low power level before the power amplifier on transmit or after the low-noise amplifier 
on receive. 

Ferrite Phase Shifters A ferrite is a ceramic-like metal-oxide insulator material that pos¬ 
sesses magnetic properties while maintaining good dielectric properties. 39-41 Its dielec¬ 
tric constant is in the range from 10 to 20. In contrast to ferromagnetic materials such as 
iron, ferrites are insulators rather than conductors and have a high resistivity which 

Figure V.21 High-pass/low-pass 
phase shifter using T-lype networks, 
shown switched to the high-pass 
filter. 38 
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allows electromagnetic waves to propagate with low loss through the material. The term 
ferrimagnetism was introduced to describe the novel magnetic properties of these mate¬ 
rials now known as ferrites. 

Ferrite phase shifters are two-port devices that may be either analog or digital with 
either reciprocal or nonreciprocal characteristics. They are generally used at the higher 
microwave frequencies since their loss decreases with increasing frequency. Ferrites are 
generally preferred over diode phase shifters for radars above S band (except when the 
phase shifters arc used before the power amplifier on transmit and after the low-noise am¬ 
plifier on receive). At .V band, either ferrites or diodes might be used. Below S band, the 
diode phase shifter usually is preferred. 

The physics of propagation of electromagnetic energy in ferrite materials is not easy 
to describe, and will not be attempted here. The basic operation occurs by the interaction 
of electromagnetic waves with the spinning electrons of the ferrite material to produce a 
change in the microwave permeability of the ferrite, and therefore a change in phase. The 
magnetic permeability of a ferrite is anisotropic in that it must be represented by a com¬ 
plex tensor rather than a scalar. For this reason, the value of permeability and the result¬ 
ing phase shift in a ferrite can depend on the direction of propagation. Some types of fer¬ 
rite phase shifters, therefore, are nonreciprocal in that their phase change depends on the 
direction of propagation. This is different from the semiconductor phase shifters discussed 
earlier in this section, which were reciprocal devices. Nonreciprocal phase shifters have 
to be set differently for receiving than for transmitting. 

There have been many different types of ferrite phase shifters developed, but those 
of most interest for radar include the latching, flux drive, and dual-mode phase shifters. 
One of the first successful ferrite phase shifters, the Reggia-Spencer shifter, will be de¬ 
scribed so as to illustrate some of the properties of ferrites, their limitations, and how 
these limitations were overcome in later types of ferrite devices. In spite of its shortcom¬ 
ings, the Reggia-Spencer device was used in an operational phased array radar at very 
high power (at the time, in the 1960s, when there was no better device available). 

Reggia-Spencer Phase Shifter This device consisted of a rod or bar of ferrimagnetic 
material suspended at the center of a section of rectangular waveguide. A solenoid was 
wound around the waveguide to provide a longitudinal magnetic field. A change in phase 
was obtained by changing the current flowing through the solenoid coil. It was a recip¬ 
rocal. analog phase shifter that had a high figure of merit (defined as the change of phase 
per dB of loss) and was more compact than previous experimental ferrite phase shifters. 
It had two serious limitations, however. First, the location of the ferrite rod at the center 
of the waveguide meant it was out of contact with the metal waveguide walls. Thus it was 
difficult to conduct the dissipated heat away. Second, the time required to switch from 
one phase state to another was relatively long; hundreds of microseconds rather than the 
microsecond or two that is characteristic of diode phase shifters. Furthermore, this phase 
shifter was sensitive to changes in temperature so it usually had to be operated in a tem¬ 
perature-controlled environment. There were also hysteresis effects that had to be ac¬ 
commodated when the phase had to be changed. 

The lack of a convenient thermal path to dissipate heal was overcome in one design 42 
by having the axially located garnet bar directly cooled by a low-loss liquid dielectric that 




9.6 Phase Shifters 575 


was allowed to flow along the surface of the garnet material. (A garnet is a ferrite with a 
different crystal structure than other ferrites.) The flow was confined by completely en¬ 
capsulating the garnet in a teflon jacket so that the cooling liquid was in direct contact 
with the garnet bar. A C-band Reggia-Spencer phase shifter with this method of cooling 
operated over an 8 percent bandwidth at a peak power of 100 kW, average power of 
600 W, insertion loss of 0.9 dB, and a VSWR of 1.25. The device was 2.4 by 2.1 by 
8.2 inches and weighed 1.5 lb. It required, however, 125 /is to switch its phase, and at a 
switching rate of 300 Hz it used 16 W of switching power. 

The long switching times for the Reggia-Spencer phase shifter were due to (1) the 
large inductance of the solenoid that provided the magnetic field and (2) the “shorted turn” 
effect caused by the metallic waveguide around which the solenoid was wrapped gener¬ 
ating eddy currents in the metallic waveguide wall. There were things that could be done 
to reduce the switching time, but the Reggia-Spencer switching times were always much 
longer than those of other phase shifters. 

Latching Ferrite Phase Shifter 40 ' 4 ^ A latching ferrite phase shifter overcomes many of 
the limitations of the Reggia-Spencer device by taking advantage of the hysteresis loop 
of a magnetic material so as to latch, or lock, its permeability to one of the two remanent 
magnetization points on the ferrite material’s B-H curve. It does not need a continuous 
holding current to maintain the phase shift; hence, its drive power might be an order of 
magnitude less than that of the Reggia-Spencer shifter. It is not as temperature sensitive, 
it has a much faster switching speed, and there is less of a problem caused by hysteresis 
in the ferrite. It also lends itself to implementation as a digital phase shifter. Figure 9.22a 
illustrates one bit of a latching ferrite phase shifter mounted in a waveguide. The ferrite 
is in the form of a rectangular toroid. The contact of the toroid with the walls of the wave¬ 
guide allows the generated heat to be dissipated. The toroid, however, results in this de¬ 
vice being nonreciprocal. 

Figure 9.23 is a hysteresis loop, or B-H curve, for a magnetic material such as a fer¬ 
rite. It is plot of the magnetization, or magnetic induction (units of flux density, or we¬ 
bers/m 2 ) as a function of the applied magnetic field (ampere-turns/m) for a toroidal-shaped 
section of ferrite. The applied magnetic field is proportional to the current in the drive 
wire, which can be considered a solenoid of one turn. When a sufficiently large pulse of 
current is passed through the drive wire threading the center of the toroid, the magneti¬ 
zation is driven to saturation. When the current is then reduced to zero, there exists a re¬ 
manent magnetization B r . Similarly, when a large current pulse of opposite polarity is 
passed through the drive wire, the ferrite becomes saturated with the opposite polarity, 
and when the current is reduced to zero the remanent magnetization of opposite sign is 
obtained. Thus a toroidal ferrite may take on two values of magnetization, ± B„ obtained 
by pulsing the drive wire with either a positive or a negative current pulse. The difference 
in the two states of remanent magnetization produces the differential phase shift. Only a 
short-duration current pulse is needed to set the phase of a latching phase shif ter 

The amount of differential phase shift depends on the ferrite material and the length 
of the toroid. A digital latching phase shifter may be obtained by placing in cascade a 
number of separate toroids of the proper lengths. The lengths of each toroid are selected 
to provide a differential phase shift of 180°, 90°, 45°, 22.5°, and so on, depending on the 
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Figure 9,22 (a) Single bit of a latching 

ferrite phase shifter mounted in waveguide, 
showing the drive wire through the center of 
the toroid that establishes the magnetic field to 
latch the phase shift; (b) sketch of a five-bit 
latching ferrite phase-shifter. 

I (From Wicker and Jones , 44 Courtesy IEEE.) 
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Figure 9.23 Hysteresis loop, or B-H curve, 
of a ferrite toroid. 
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number of bits required. The sketch in Fig. 9.22b illustrates a five bit latching ferrite phase 
shifter. 44 A separate drive wire is used for each bit. Impedance matching is provided at 
the input and output toroids. Filling the center slot of the toroids with a high dielectric- 
constant material produces a higher value of phase change per dB of loss (higher figure 
of merit) and lower switching power, but the lower will be the peak power that the de¬ 
vice can handle before breakdown. The individual toroids usually are separated by thin 
dielectric spacers to avoid magnetic interaction. The drive wire is oriented for minimum 
RF coupling. It is also important that there be the proper mechanical contact between the 
toroid and the waveguide wall since an air gap can cause the generation of higher-order 
modes that result in relatively narrow-frequency-band, insertion-loss spikes. These un¬ 
wanted air gaps have to be eliminated with care since excessive mechanical pressure on 
the material can cause magnetostriction that changes the magnetic properties of the ma¬ 
terial, especially if garnets are used. This type of latching phase shifter has also been called 
a twin-slab toroidal phase shifter since the major action is due to the two vertical branches 
of the toroids. The horizontal branches of the toroid do not contribute to the phase shift, 
but they are needed is to complete the magnetic circuit. 

Introducing the applied magnetic field from within the waveguide via the single-turn 
drive wire eliminates the shorted-tum effect and avoids the long switching times that were 
characteristic of the original Reggia-Spencer phase shifter. Switching times of the order 
of microseconds become practical. Hysteresis was a nuisance to be tolerated in a Reggia- 
Spencer phase shifter, but the latching ferrite phase shifter takes advantage of the hys¬ 
teresis loop to produce two discrete values of phase shift without the need for continuous 
holding power. 

Different phase shifts must be used for transmit and receive with a nonreciprocal 
phase shifter. The nonreciprocal latching phase shifter, therefore, must be reset just after 
transmission is completed in order to receive the echo signals. The switching speeds of 
the latching phase shifter, which are of the order of microseconds, permit the rapid switch¬ 
ing required. The phase shift for reception is obtained by simply reversing the polarity of 
the drive pulses that were used to set the phase for transmission. This reverses the direc¬ 
tion of magnetization of the ferrite toroid, which is equivalent to reversing the direction 
of propagation. Although nonreciprocal phase shifters can be employed in many radar ap¬ 
plications, they cannot be used in space-fed reflectarrays (Sec. 9.9) since the electromag¬ 
netic energy rapidly changes direction during both transmission and reception in such an 
antenna. Their use is also not practical in high-duty-cycle pulse doppler radars or in very 
short-range radars. 

A nonreciprocal digital latching five-bit ferrite phase shifter was used in the S-band 
3D radar known as the RAT 31/S built by Alenia of Rome, Italy. 45 It had the following 
characteristics: peak power = 7 kW, average power = 70 W, insertion loss <0.9 dB, 
VSWR < 1.3, bandwidth = 3 percent, switching time <2.5 /las, temperature tracking of 
the insertion phase = 0.6°/°C, and temperature range from 0 to 60°C. The rms value of 
the standard deviation of the insertion loss was 0.03 dB. The deviation of the insertion 
phase from its anticipated value was compensated in the path between phase shifter and 
antenna element. The rms value of the deviation of the phase of the smallest bit (nomi¬ 
nally 12.25°, but actually an average value of 12.40°) was 1.13°; and that of the largest 
bit (nominally 180°, but actually an average of 199.8°) was 3.89°. 
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Twin-Toroid Latching Phase Shifter 46 ’ 41 The latching phase shifter described above 
has been improved by the use of the twin toroid, the geometry of which is sketched i n 
Fig. 9.24a. The two toroids are separated by dielectric which concentrates the RF energy 
in the center of the waveguide. The active ferrite regions (in which the nonreciprocal in¬ 
teraction with the RF field occurs) are the two vertical ferrite arms that are in contact with 
the dielectric in the center. The differential phase shift of the twin-toroid ferrite can be 
made independent of frequency, and it is capable of wide bandwidths. The twin-toroid 
phase shifter is said 48 to be easier to construct than the single-toroid device. Hord 46 gives 
the following characteristics for an X-band twin-toroid phase shifter: loss = 0.4 dB, switch¬ 
ing time = 3 /rs, switching energy = 100 /a.l, and size = 0.27 by 0.18 by 2.3 inches. Band¬ 
width can be 10 percent or greater. 

A variant of the twin-toroid employs what is called a grooved waveguide, as is il¬ 
lustrated by the cross section view of Fig. 9.24b. 49 Note that there are different gaps be¬ 
tween the waveguide ridges. It has been said that this geometry increases the differential 
phase shift by 20 percent, decreases the insertion loss for 360° differential phase shift by 
about 10 to 30 percent (thus providing a better figure of merit), and allows better thermal 
conductivity and an increase in average-power capability. 

Flux Drive 50 The toroid ferrite phase shifter can be operated in an analog fashion to 
obtain digital phase-shift increments by varying the current of the drive pulse to provide 
different values of remanent magnetization. This is called flux drive. It has the further ad¬ 
vantage of having reduced temperature sensitivity. A single long section of ferrite toroid 
is used that is capable of providing the total differential phase shift of 360 . The lequiied 
digital phase increment is obtained by operating on a minor hysteresis loop, as indicated 
in Fig. 9.25. If fi,.(l), for example, were the remanent magnetization needed to produce a 
phase change of 180° (relative to the remanent magnetization ~B r ), the amplitude and width 
of the driving pulse would be selected so as to rise to the point (1) on the hysteresis curve. 


Metal 

waveguide Ferrite toroid 



(a) 


Waveguide 

ridges 


Metal 



Figure 9.24 (a) Cross section of a twin-toroid ferrite phase shifter, (b) Cross section of a twin-toroid ferrite phase 

shifter with a grooved waveguide. 
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Figure 9.25 Hysteresis loop 
showing the operation of flux drive, 
where a single ferrite toroid is excited 
by discrete current pulses to produce 
digital phase-shift increments from 
what is basically an analog device. 


-B r 


When the pulse current decays to zero, the magnetization falls back to the remanent value 
S,.(l) along the indicated curve. The difference in phase between B r ( I) and —B r deter¬ 
mines the differential phase increment. With a different value of current pulse, a differ¬ 
ent value of remanent magnetization and a different phase shift are obtained. In this man¬ 
ner, the ferrite toroid is basically an analog device that can provide any phase increment. 
It acts as a digital phase shifter if the drive currents are digital. The length of the toroid 
can be made 15 to 20 percent greater than the normal value to allow for some shrinkage 
of the total available increment of magnetization due to temperature changes. When the 
drive output impedance is small, the effect of the temperature-caused variations in mag¬ 
netization will be small. 

Dual-Mode Ferrite Phase Shifters 46,51 This is a latching phase shifter that is recipro¬ 
cal, but without the limitations of the reciprocal Reggia-Spencer phase shifter. It is a vali¬ 
ant of the Faraday rotation phase shifter 52 and the mechanical Fox phase shifter 53 (Fara¬ 
day rotation is the rotation of the polarization, or electric field, when the wave propagates 
in a ferrite material in the presence of a magnetic field.) An outline of the configuration 
of a dual-mode ferrite phase shifter is sketched in Fig. 9.26. In the center portion is the 
ferrite bar that supports the propagation of circularly polarized waves. The bar is metal¬ 
lized to form a ferrite-filled waveguide that is accessible for dissipating the heat gener¬ 
ated by the loss in the ferrite. A solenoid (not shown in the figure) is wound around the 
ferrite rod so as to apply an axial magnetic field that rotates the circular polarization to 
provide a phase change. A linearly polarized signal that enters the rectangular waveguide 
at the left-hand port is converted to circular polarization by a nonreciprocal circular po¬ 
larizer (which is a ferrite quarter-wave plate, or quadrapole-field ferrite polarizer 54 ). The 
applied axial magnetic field rotates the circular polarized wave in the ferrite bar, an ac¬ 
tion that imparts the desired phase shift. After propagating through the ferrite, the phase- 
shifted circular polarized wave is converted back to linear polarization by a second non¬ 
reciprocal polarizer. In a similar manner, a wave incident from the right is converted to 
circular polarization of the opposite sense by the nonreciprocal quarter-wave plate, and a 
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Ferrite yoke 



Figure 9.26 Outline of the configuration of a dual-mode ferrite phase shifter. The metalized ferrite rod in the center is 
based on the Faraday rotator. 

phase shift occurs. Since both the sense of polarization and direction of propagation are 
reversed, the phase shift for a signal traveling from right to left is the same as that of a 
signal traveling from left to right. The magnetic circuit is completed externally by a tem¬ 
perature-stable ferrite yoke to permit latching of the magnetic field. Flux drive can be 
used to control the value of the remanent magnetization. 

The dual-mode ferrite phase shifter is lightweight and capable of high average power. 
It also has a good figure of merit. Switching times are from 10 to 100 /xs, which is longer 
than what is achieved with nonreciprocal ferrite phase shifters. Its longer switching 
times are due to the shorted-tum effect of the thin metallic film covering the ferrite 
rod. Hord 46 states that an X-band dual-mode phase shifter can have an insertion 
loss = 0.6 dB, switching speed = 100 /xs, switching energy = 400 /xJ, length = 1.6 in., 
and diameter = 0.48 in. Whicker and Young 55 indicate that dual-mode phase shifters 
are capable of 10 percent bandwidth, 1 kW peak and 100 W average power, and with 
latching (switching) speeds of 20 to 40 /xs. Dual-mode phase shifters were used in the 
AN/TPN-19 X-band landing radar, where the phase shifter weight was 3.7 oz and had a 
phase error of 15° 56 

Polarization-Insensitive Phase Shifters It has been said 37 that the dual-mode phase 
shifter can be made to be insensitive to polarization; that is, have the same phase shift for 
differently polarized electromagnetic waves so that they can be used in phased array an¬ 
tennas that employ more than one polarization. Polarization insensitive phase shifters are 
of interest when the radar must use dual orthogonal polarizations to avoid the large loss 
of signal caused by Faraday rotation of the plane of polarization when VHF or UHF radar 
waves propagate through the ionosphere, when circular polarization is used for detecting 
targets in the rain, or in any other situation where a choice of more than one polarization 
is desired. 58 

Rotary-Field Phase Shifted 9 This is similar to the dual-mode phase shifter mentioned 
above in that it also acts as a Faraday rotator to impart a phase shift. It is a reciprocal 
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device, but is nonlatching. It is very accurate, being capable of phase errors of one de¬ 
gree or less, which is considerably better than many other types of phase shifters. Such 
accuracy is required for low sidelobe array antennas. Linear polarization in the input rec¬ 
tangular waveguide is converted to circular. The circular polarized wave propagates in the 
ferrite rod which completely fills a circular waveguide. A phase shift is obtained in the 
ferrite by a constant-magnitude magnetic bias that is rotated in space by the application 
of currents to two orthogonal windings on a ferromagnetic yoke fitted over the ferrite. 
This is accomplished with a pair of coils wound on a motor-like stator. The quadrapole 
field generated by the two coils can be smoothly rotated to any desired angle. The accu¬ 
racy of the differential phase shift is determined by the ratio of the control currents in the 
two coils. The ferrite rod then acts as a half-wave plate whose orientation determines the 
amount of phase shift, which is similar to the function of the mechanical rotation of the 
half-wave plate (or 180° differential phase shift section) used in the original Fox phase 
shifter. 52 A rotation of the half-wave plate by an angle 6 results in a 20-radian change in 
the time phase of the signal. After propagating through the ferrite rod and experiencing a 
phase change, the circular polarization is converted back to linear. 

Boyd 60 states that at X band, a rotary-field phase shifter might have 0.5 dB loss, 
10 percent bandwidth, rms phase error less than one degree, and switching time of 50 /xs. 
The control power to the stator windings is less than 0.5 W. These devices are capable of 
moderate to high power, are less temperature sensitive than other ferrite phase shifters, 
have a phase shift that varies little with frequency over a wide band, are highly accurate, 
and their low weight makes them suitable for airborne application. 

Other Phase Shifters There have been many other phase shifters developed in the past, 
including other types of ferrite devices, electromechanical shifters, traveling wave tubes 
used as phase shifters, plasma devices, and ferroelectric phase shifters in which the di¬ 
electric constant of a ferroelectric material is a function of the applied electric field. The 
ferroelectric phase shifter has been said 61 to have high power capability, low drive power, 
voltage control of phase, and low production costs; but it has been difficult to obtain suit- 
ale ferroelectric materials to satisfy the important requirements of a phase shifter. 


9.7 FREQUENCY-SCAN ARRAYS 62 ' 64 

Because of its relative simplicity, the frequency-scan array was at one time the most pop¬ 
ular form of phased array and was widely used. Its beam was steered by simply chang¬ 
ing the radar frequency. It was especially popular for scanning a beam in one angular co¬ 
ordinate, such as with 3D air-surveillance radars.* A frequency-scan array has, however, 
significant limitations. The use of frequency for beam steering prevents the frequency do¬ 
main from being used for other important purposes in radar, such as high range-resolu¬ 
tion, electronic counter-countermeasures, and pulse-to-pulse frequency agility. 

*A 3D air-surveillance radar is one which mechanically rotates in azimuth and scans one or more pencil beams in 
elevation or has multiple fixed beams in elevation for the purpose of measuring elevation angle. Other radars, of 
course, also can obtain three-dimensional data, but they are not usually "3D radars" in the sense of this definition. 
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Beam Steering by Change of Frequency The frequency-scanned array is almost always 
series fed as depicted in Fig. 9.27. Although series-fed arrays using phase shifters have 
high loss (as was mentioned in Sec. 9.5), it is not the case here since only waveguide con¬ 
nects the elements. The loss in propagating through waveguide transmission line is low 

We next derive the relationship between the radar frequency and the beam steering 
angle. The difference in phase between two adjacent elements in the series-fed array of 
Fig. 9.27 is 

= 2 77 fl/v = 2tt7/A [ 9 . 36 ] 

where/= frequency of the electromagnetic signal, / = length of line connecting adjacent 
elements (generally Z is much greater than the distance between elements), v = velocity 
of propagation, and A = radar wavelength. [Eq. (9.36) is basically the same as Eq. (9.35)]. 
For convenience in this simplified analysis, the velocity of propagation is taken to be c 
the velocity of light. This applies for coaxial lines and other transmission lines which 
propagate a TEM mode. Waveguides, which are more often used than TEM lines for the 
end-fed transmission line, can have a velocity of propagation that varies with frequency 
(i.e., it is dispersive). 

As described in Sec. 9.5, if the beam is to point in a direction 0 o , the phase differ¬ 
ence 4> between elements spaced a distance d apart must be equal to 2ir(d/\) sin 6 0 . In a 
frequency-scan array, it is advantageous for practical reasons to add an integral number 
m of 277- radians of relative phase change. Since phase is modulo 27r and m is an integer, 
277 ??j = 0; so that the inclusion of Inin has no effect on the phase difference between el¬ 
ements. The addition of the 2mn radians phase is achieved with the length of line / that 
connects adjacent array elements. The reason for adding the fixed 2mn phase shift is that 
it allows a given scan angle to be obtained with a much smaller frequency change than if 
a line of length d = A/2 were used. This will become evident from Eq. (9.38). Equating 
the phase difference 4> + 2 nm between adjacent elements that is required to scan the beam 
to an angle 9 0 , to the phase shift [Eq. (9.36)] introduced by a transmission line of length 
/, results in 

2ir(d/\) sin 6 0 + 277777 — 2ir//A [9.37a] 
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or 

• ?«A , l , 

sin 9 0 =-— + — [9.37b] 

a a 

When 6q = 0, the beam points to broadside and the above equation yields m = Z/A 0 , where 
A 0 is the wavelength that points the beam to broadside. If the frequency corresponding to 
beam pointing at broadside is denoted / 0 , the direction of beam pointing can be written 

From the above, the wavelength excursion AA required to scan the beam over an angular 
region ± 6, is 

AA = 2 A 0 (d/T) sin 0 S [9.39] 

This equation shows that the greater the ratio l/d, the smaller will be the wavelength ex¬ 
cursion AA required to cover a given angular region ± 6 S . The ratio Hd is usually called 
the wrap-up factor. (The beam position is symmetrical with wavelength, but it is not sym¬ 
metrical as a function of frequency.) To scan the beam ±45° from the broadside direction 
requires a fractional wavelength change of 0.28 when the wrap-up factor is 5, and a 0.07 
change when the wrap-up factor is 20 (fractional wavelength = AA/A 0 .) 

Equations (9.38) and (9.39) apply for a TEM transmission line where the velocity of 
propagation is equal to the velocity of light. It is more usual, however, for waveguides to 
be used as transmission lines in this type of radar. Since the velocity of propagation in a 
waveguide depends on the frequency, a different and more complicated expression for the 
beam pointing angle results when waveguides are used instead of TEM lines. The veloc¬ 
ity vs. frequency characteristic of waveguides can be used to good advantage to scan an 
angular region with less frequency change than indicated for a TEM line with the same 
wrap-up factor. 

Grating lobes can occur in a frequency scan array, just as in other array antennas, 
when the electrical spacing between elements is too large. Equation (9.31) therefore ap¬ 
plies. If we assume that a grating lobe can be tolerated at 9 g = —90° when the main beam 
is steered to the maximum scan angle 0,, = +6 m , then the following relationship applies 

|1 + sin 9 m \ < A/d [9.40] 

The onset of a grating lobe can limit the maximum angle the beam can be scanned. 

Bandwidth Limitation Equation (9.39) illustrates the need for large frequency tunability 
of the radar transmitter in order to employ frequency scanning, especially if l/d is small. 
A large bandwidth might cause a potential problem of interference with other electro¬ 
magnetic systems. Interference among frequency-scan radars operating in the same band, 
however, might not be that serious a problem since such a radar dwells at any one fre¬ 
quency for only a short time. Of more significance, however, is the reduction in signal 
bandwidth that can be used with a frequency scan antenna as the I/d ratio increases. If a 
wideband signal is used, distortion of the main beam will result. 
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With a series-feed, such as was indicated by Fig. 9.27, the signal travels a total dis¬ 
tance (N - 1)/ from one end of the array to the other, where N is the number of elements 
in the linear array and l is the length of the transmission line between adjacent elements. 
For e xamp le, consider an .S'-band frequency-scan radar (A 0 = 10 cm) with a linear array 
antenna of 101 elements spaced one-half wavelength apart. The wrap-up factor is assumed 
to be 10. The width of the antenna is taken to be 5 m, so that the total length of the feed 
line is 10 X 5 m = 50 m. An impulse incident at the input of a TEM feed line would re¬ 
quire 0.167 ^s to travel down the 50 m feed line and reach the other end (assuming prop¬ 
agation at the velocity of light). This build-up time, or time to fill the array, has a simi¬ 
lar effect on the radar’s signal bandwidth as does the transient response time of the more 
familiar signal filter. Thus the time t D for the signal to travel from one end of the antenna 
to the other will limit the bandwidth to 1 lt D , or 6.7 MHz in this example. If the wrap-up 
factor were 20 instead of 10, the limitation on the bandwidth would be 3.3 MHz. Thus 
the greater the wrap-up factor, the less frequency excursion that need be used to provide 
a given angular coverage, but the more narrowband will be the radar. Another way to see 
the effect of too wide a bandwidth is to note that if the signal has a wide frequency spec¬ 
trum, the beam will be smeared in angle. Frequency scanning, therefore, is generally not 
compatible with high-resolution radar that might require large bandwidths. 

Various Forms of Frequency-Scanned Radars There have been several methods by which 
frequency scanning has been employed, mostly as 3D air-surveillance radars that scan in 
one angular coordinate (elevation). Each of the following has been used in radar systems. 

Single Scanning-Pencil-Beam The original 3D frequency-scan radars used a single pen¬ 
cil-beam antenna to scan in elevation as they mechanically rotated 360° in azimuth, Fig. 
9.28a. The antenna beam dwells at a particular frequency at one elevation beam position 
before moving on to the next position and a different frequency. If the pencil beam is nar¬ 
row (order of 1 or 2°), and if long range and large elevation-angle coverage are required, 
the revisit times with a single scanning beam will likely be excessively long (perhaps more 
than a minute). For example, if a pencil-beam antenna had azimuth and elevation 
beamwidths of 1.5°, elevation coverage 30°, range coverage to 200 nmi, and 10 pulses 
integrated from each target, then the time to cover 360° in azimuth is 66.7 s. This is far 
too long. Thus a single narrow-beamwidth scanning-beam radar operating as described is 
not suitable as a long-range radar because of its long revisit time. This applies to any type 
of electronically steered single-beam phased array, not just frequency scan. 

The scan time can be reduced by increasing the pulse repetition frequency (decreas¬ 
ing the time between pulses) as a function of elevation angle. A low prf would be used 
at low elevation angles to obtain the desired maximum unambiguous range. As the ele¬ 
vation angle increases, the maximum range decreases since aircraft do not fly above a cer¬ 
tain altitude. The prf can be increased correspondingly at the higher elevation angles to 
decrease the total time it takes for the antenna to cover 360°. 

The number of pulses per dwell can be reduced to decrease the total scan time. Fewer 
pulses mean a larger transmitter peak power and perhaps longer pulse widths to make up 
for the smaller energy available from the fewer number of echo pulses received from a 
target. The limit occurs when there is only one pulse per dwell, which has serious 
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Figure 9.28 Several 
beam configurations for 
frequency-scan phased 
arrays that scan in a single 
angle coordinate, usually 
elevation, (a) Single-beam 
scanning; (b) multiple-beam 
scanning; (c) multiple- 
frequency frequency¬ 
scanning (radiating on more 
than one frequency at each 
beam position); (d) wifhin- 
pulse scanning, transmit; 
and (e) within-pulse 
scanning, receive. 



(d) 


consequences for target detection. A single pulse per beam position can result in a large 
loss of two-way antenna gain if the target is near the half-power position of the antenna 
pattern when the pulse is transmitted. Another problem when using only one or a few 
pulses for target detection is that good doppler processing as required to eliminate clut¬ 
ter in an MTI radar cannot be achieved. Large MTI improvement factors (Sec. 3.7) re¬ 
quire a large number of pulses to be processed (a longer time on target). Thus 3D long- 
range radars that employ one or a few pulses per beam position generally have poor, or 
no, clutter rejection. 

Multiple-Beam Scanning One method to reduce the time for the antenna to cover its 
surveillance volume is to simultaneously, or almost simultaneously, transmit more than 
one beam (at more than one frequency). Fig. 9.28b. In the example of this figure, three 
pulses might be radiated at frequencies/i,/ 2 , and/ 3 , respectively, so as to cover three con¬ 
tiguous elevation beam positions. The next set of three pulses is transmitted at frequen¬ 
cies / 4 , f 5 , and f 6 . In this example there are three pulses radiated nearly simultaneously, 
but the number of frequencies radiated as one burst typically might vary from 3 to 9. The 
time required to scan 360° in azimuth is reduced in proportion to the number of simulta¬ 
neous beams (frequencies) radiated. 

A disadvantage of this approach is that there must be a separate receiver and signal 
processor for each of the n beams radiated simultaneously. In a military radar that must 
use sidelobe cancelers to reduce the effects of jamming, a separate set of sidelobe can- 
celers is required for each beam. When there are a large number of simultaneous beams, 
the cost of the radar can increase significantly. 

Even though multiple contiguous beams are formed, one might not be able to per¬ 
form an accurate elevation-angle measurement by comparing the amplitudes received in 
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adjacent beams. The reason is that amplitude-comparison angle measurement requires that 
the cross section of the target seen in the two adjacent beams to be the same. In a fre¬ 
quency-scan antenna, adjacent beams are at different frequencies. If the radar cross sec¬ 
tion of a target is a sensitive function of frequency, there can be a change in amplitude of 
the received echo signal due to changes in radar cross section that can result in an error 
when measuring angle by comparison of the amplitudes in adjacent beams. 

Multiple-Frequency Frequency-Scan (or Multiple Mode) In the frequency-scan radars 
described so far, each elevation beam corresponds to a fixed frequency. This is not good 
for a mili tary radar since measurement of the frequency by a hostile intercept receiver can 
provide the elevation angle of the radar beam. Effective hostile jamming can be achieved 
in some types of frequency scan radars by concentrating the jammer’s power over a nar¬ 
row range of frequencies (angles) rather than force the jammer to cover the entire fre¬ 
quency range of the radar transmitter. Furthermore, the rigid relationship between fre¬ 
quency and elevation angle does not allow a target to be observed at two or more 
frequencies, something that is desired in order to decorrelate the target cross section for 
improved detection performance. 

It is possible, however, for a frequency-scan array to radiate more than one frequency 
at the same elevation angle. Fig. 9.28c, assuming that the antenna and the rest of the radar 
are sufficiently broad band. 64 This can be seen from an examination of Eq. (9.37b). The 
factor m in this equation is an integer. As the frequency is increased, a beam will scan 
from the endftre direction (in the direction of the input) through broadside and to the end- 
fire direction in the other direction (pointing to the termination of the array series feed). 
When the frequency is increased further, another beam will eventually form, correspond¬ 
ing to a higher value of m. The range of frequencies corresponding to one value of m has 
sometimes been called a scan band. 

Only one beam at a time will be radiated if the grating lobe relation of Eq. (9.40) is 
satisfied. It can be shown that if an array radiates at a particular angle corresponding to 
a value m, in Eq. (9.37b) when the frequency is f u then for some other value of m, say 
m 2 , a beam will be radiated at the same angle when the frequency is f 2 = (m 2 hn x )f y . As 
an example, consider an array with spacing d = 0.6A 0 and Ud = 15, which corresponds 
to nii ~ //Ao = 9. From Eq. (9.37b), the array will scan over a region ±30° as the fre¬ 
quency changes from 0.968!/ 0 to 1.035/ o , where f 0 is the frequency corresponding to the 
broadside position of the beam ( 0 O = 0). As the frequency is increased further, the factor 
m 2 = 10 applies and the same angular region is scanned as the frequency varies from 
1.075 /q to 1. 149/ 0 . For m 3 = 11, the corresponding frequency range is 1.183 f 0 to 1.264f 0 . 
The beams corresponding to different values of m are related to grating lobes discussed 
previously. 

In addition to allowing better target detection and better electronic counter-counter- 
measures, the ability to operate similar frequency-scan radars in different parts of the fre¬ 
quency band can help in reducing mutual interference among nearby radars. 

Within-Pulse Scanning In the frequency-scan systems discussed above, the antenna 
beam dwells at each angular resolution cell (beamwidth) for one or more pulse-repetition 
intervals before moving to the next resolution cell. Another method that has been used for 
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frequency scanning arrays is to radiate a single frequency modulated pulse that covers a 
frequency range wide enough to scan the beam over the entire elevation coverage, as in 
Fig. 9.28d. During each pulse, the antenna beam rapidly scans through all elevation an¬ 
gles. This is sometimes called within-pulse scanning. The transmitted waveform is simi¬ 
lar to that of a linear FM pulse-compression radar, but it serves a different purpose. The 
frequency of an echo signal reflected from a target will be a function of its elevation an¬ 
gle. The receiver employs a bank of filters, each tuned to a different carrier frequency 
which in turn depends on the target’s elevation angle. Fig. 9.28e. The number of filters 
depends on the antenna beamwidth and the total angular coverage. The bandwidth A f B of 
each filter is determined by the frequency change required to scan the antenna one 
beamwidth, which is then 


Af B= JL eB „JLA 

cie 0 B de 0 d 


[ 9 . 41 ] 


where 0 B — beamwidth = A ID, and D = aperture dimension. Rearranging Eq. (9.38), dif¬ 
ferentiating and substituting into the above gives 


w- = f_ cos 0 O = f cos 6 0 
f 0 ( l/d)(D/c ) f 0 t D 


[ 9 . 42 ] 


where t D is the time for the signal to propagate through the transmission line of length 
(l/d) D. Thus in the vicinity of broadside (0 O = 0), the received signal has a bandwidth 
4/s ~ 1 /?d. over which the signal is linearly frequency modulated. This bandwidth can be 
used for achieving a modest amount of pulse compression on receive. Normally, pulse 
compression cannot be used with frequency scan; but with within-pulse frequency scan, 
pulse compression processing can reduce the pulse to a width no smaller than the time t D 
it takes for the signal to travel from one end of the array to the other. Another way to look 
at this is that the finite beamwidth of the scanning antenna causes the target to be illu¬ 
minated with a changing frequency, which can be compressed on receive. 


Back-to-Back 2D/3D Antennas A 3D frequency-scan radar has the advantage of being 
able to obtain a measurement of the elevation angle (target height). A 2D radar does not 
obtain elevation angle, but since it has a longer time on target and more received pulses 
than does a 3D radar it has better MTI processing. In a military radar, a 2D radar can take 
advantage of the wide frequency range of a 3D frequency-scan transmitter to operate with 
greater flexibility in the choice of frequency so as to reduce the effectiveness of electronic 
jamming. The advantages of both 2D and 3D radars can be had by employing a 2D (fan 
beam) antenna back-to-back with a 3D (scanning pencil beam) antenna on the same ro¬ 
tating antenna mount. The agile-frequency transmitter can be switched between the two 
antennas to obtain the type of performance desired. A separate transmitter can be used for 
each antenna so as to achieve simultaneous, rather than time-shared, operation of the two. 

Phase-Frequency Planar Array Frequency scanning has been employed in the past 
for obtaining beam steering in one angle coordinate, with phase shifters to steer in the 
orthogonal angular coordinate. This is called a phase-frequency array in contrast to a 
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phase-phase array which uses phase shifters to steer in both angle coordinates. I n an 
NX N planar array a phase-frequency array needs only N phase shifters in addition to the 
fixed frequency-scan transmission lines, while a phase-phase array needs N 2 phase shifters 
The phase-frequency array may be considered as a number of frequency-scan arrays placed 
side by side. The phase-frequency array was used in the early days of phased arrays when 
phase shifters might be said to have been primitive. As phase shifter technology improved 
the all-phase-shifter array became more popular. 

Frequency-Scanned Reflector Antennas 65 ' 66 A very different form of frequency-scanned 
antenna, compared to those described above, is one that employs a frequency-sensitive 
grating as the reflector surface. Those familiar with optics might recall the diffraction grat¬ 
ing which has had an important history as an optical device. The optical diffraction grat¬ 
ing is a planar or curved surface obtained by ruling many closely spaced parallel grooves 
on an optical surface (such as a polished metal mirror). It has the property that a beam 
incident on the grating will reflect at an angle that depends on the frequency. A similar 
property can be obtained at microwave frequencies with a periodic array of thin con¬ 
ducting elements etched on a dielectric substrate placed over a surface. When a beam is 
incident on such a surface, the angle at which it is reflected will depend on the frequency 
of the incident beam, Fig. 9.29. The dielectric substrate over which the periodic array is 
etched can be designed to convert most of the incident energy to the diffracted direction 
governed by its frequency rather than have it reflect in the specular direction given by 
Snell’s law. The shape of the reflecting surface is not parabolic as is common for reflec¬ 
tor antennas, but is determined by the properties of the grating and the need to suppress 
the direct wave whose reflection would be given by Snell’s law. As seen in Fig. 9.29, the 
feed is offset from the normal to the reflector surface in order to achieve the frequency 
scanning properties. In one experimental demonstration, a 10 percent change in frequency 
resulted in a beam scan of 10°. The power reflected in the direction of 
the angle given by Snell’s law (equal to the incident angle) was suppressed approximately 
20 dB below the power in the frequency-scanned beam. 

Frequency Scan in Two Coordinates In principle, an array can be made to frequency scan 
a beam in two angular coordinates (a TV raster type of scan) by employing an array of 
slightly dispersive arrays fed from a single highly dispersive array. It has been said that 
a 90 by 20° sector can be scanned using a 30 percent frequency change. 67 Two-coordi¬ 
nate frequency scan is almost never used, however, since it requires a very large tunable 
frequency range of operation and it results in a very narrow signal bandwidth. 


Figure 9.29 Geometries of a frequency-scanned 
reflector antenna employing a diffraction grating. In (a) 
the feed is positioned between the specular reflected 
beam and the diffracted beam; in (b) the specular and 
diffracted beams are reflected on the same side of the 
feed. 

I (From Johansson et at, 65 Copyright 1989 IEEE.) 
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figure 9.30 Sketch of a frequency-scan 
array showing, on the left, a folded 
waveguide delay line (snake feed) feeding 
a set of waveguides with radiating slots cut 
in their narrow wall. 


Transmission Lines for Frequency Scan A popular form of transmission line for series¬ 
feeding a frequency-scan array has been the snake feed, shown at the left in Fig. 9.30. It 
has also been known as a serpentine or sinuous feed. Waveguide wrapped in the form of 
a helix has also been used, especially as the line feed for a parabolic cylinder reflector. 


9.8 RADIATORS FOR PHASED ARRAYS 

Types of Radiators Many different types of radiating elements (antennas) have been used 
in phased array radars, but the most popular have been various types of dipoles, slots cut 
into a wall of a waveguide, notch radiators, patch radiators, and open-ended waveguides, 
Fig. 9.31. 68,69 The pattern of a radiating element differs when located in the midst of a 
phased array than when it is all by itself in free space. 70 The radiation impedance (im¬ 
pedance which accounts for the power radiated) also can change; for example, the radia¬ 
tion impedance of a dipole in free space is 73 ohms; but in an infinite array with half¬ 
wavelength element-spacing and a back screen of quarter-wave separation, it is 153 ohms 
when the beam is directed broadside. 71 These changes are due to the effects of mutual 
coupling among neighboring elements. Furthermore, the impedance and antenna pattern 


Figure 9.31 Sketches of 
single radiating elements for 
phased array antennas, (a) 
Metal-strip dipole with 
transmission line; (b) outline of 
printed-circuit dipole (solid 
lines) showing the coupling 
structure (dashed lines); (c) slot 
cut in the narrow wall of a 
waveguide; the tilt determines 
the amount of energy coupled 
from the slot; (d) notch radiator 
in stripline, radiation is to the 
right in this figure; (e) 
rectangular patch radiator; and 
(f) open-end waveguide. 
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of a radiator in an array can vary with scan angle. Array antennas are ot finite size so that 
the properties of an individual radiator will depend on where it is located within the ar¬ 
ray. An clement at or near the edge experiences an environment different from an element 
near the center of the array. When trying to determine experimentally how a radiator will 
perform when located within a large array (prior to building the entire array), the element 
might be located at the center of an n X n array of identical elements. It has been said 72 
that when using dipoles above a ground plane, an element in the middle ot a 7 X 7 test 
array may be taken as typical of an clement in a large array. With an array of open-ended 
waveguides the test array should be 9 X 9. Sometimes the test array might even be as 
large 11X11. 

The well-known dipole radiator is a widely used antenna that might be described as 
“T” shaped. It consists of two collincar metallic rods, tubes, or strips ananged in-line, and 
is fed at its center from a two-wire transmission line. Figure 9.31a is a sketch of a dipole 
made of metal strip. Figure 9.31b illustrates a printed-circuit dipole. - Generally the dipole 
is a half-wavelength in dimension. Dipoles are more likely to be used at lower, rather than 
higher, radar frequencies. In addition to the conventional dipole, the dipole can have its arms 
bent back (like an arrowhead) so as to obtain wider angle coverage. The thick dipole can 
reduce mutual coupling between elements and provide a wider bandwidth. Crossed dipoles 
(two dipoles orthogonal to one another) can provide dual orthogonal linear polarizations or 
circular polarization. Printed-circuit dipoles are simple to fabricate, especially at the higher 
frequencies. 73 A dipole with a director (a passive rod placed in front ol it) might be used to 
reduce mutual coupling. Dipoles are used with a reflecting ground screen, or its equivalent, 
to confine the radiation to the forward direction. The distance between dipole and leflect- 
ing screen might be in the vicinity of quarter-wavelength. The reflecting ground screen fur¬ 
ther modifies the properties of the dipole compared to its radiation in free space. 

Slots cut into the walls of waveguides. Fig. 9.31c, are similar in many respects to 
dipoles. The waveguide in which the slots are cut serves as a low-loss line-leed for the 
array. At the higher microwave frequencies, slots are generally easier to construct than 
dipoles and can be accurately manufactured using numerically controlled milling ma¬ 
chines Edge-slots in the narrow wall of a waveguide are usually preferred over slots in 
the broad wall since the waveguide “sticks” (as they sometimes are called) may be stacked 
sufficiently close to avoid grating lobes in the orthogonal plane. The waveguide-slot ar¬ 
ray is more suited for scanning in one angular coordinate, which is why it has been pop¬ 
ular for 3D radars. (The sketch in Fig. 9.30 was an example.) The power coupled out ot 
the guide by a narrow-wall slot is a function of the angle at which the slot is cut. No 
power is coupled when the narrow-wall slot is perpendicular to the edges of the guide. 
The greater the tilt from the perpendicular, the greater will be the coupling. Thus m a 
phased array with a tapered aperture illumination (like a cosine on a pedestal), the tilt of 
the slotted radiators near the center will be greater than the tilt of the radiators near the 
outer ends of the array. When half-wave-spaced slots are fed in a series fashion with t e 
energy propagating down the waveguide, the field inside the guide changes phase by 180 
from element to element. The phases of every other slot must be reversed to cause the ra¬ 
diated energy to be in phase. This phase reversal can be accomplished by alternating the 
tilt of adjacent radiating elements. In a series-fed dipole array, the phase is reversed by 
rotating every other dipole 180°. 
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A flared notch antenna in stripline is indicated in Fig. 9.3 Id. These might be envi¬ 
sioned as starting with a dipole, tilting its two arms into a V shape, and then curving the 
arms of the V and smoothing the normally abrupt transition at the input. Such antennas 
might have a bandwidth of from 2 to 1 to 6 to 1, 74 

A patch antenna 15 consists of a thin metallic film bonded to a grounded dielectric sub¬ 
strate, Fig. 9.3le. Its shape is usually rectangular or circular, and it can be excited with mi¬ 
crostrip. It has the advantage of being low profile, lightweight, and is easy and economical 
to manufacture. It can be mechanically robust and is readily employed with solid-state mod¬ 
ules. Patch antennas, however, usually are not as broad band as other radiating elements. 

Open-ended waveguides, Fig. 9.3 If, are an extension of the waveguide sections in 
which the phase shifters are located. Their performance can be calculated or measured in 
a simple phased array waveguide simulator. 76 The waveguide may be loaded with dielec¬ 
tric to reduce its physical size in order to fit the element within the available space. If wide- 
angle scan is not required, the open-ended waveguides may be flared to form a horn radi¬ 
ator with greater directivity. An array of open-ended waveguides might be covered with a 
thin sheet of dielectric to better match the array to free space, as well as act as a radome 
to protect the array from the weather. A dielectric sheet across the face of the array, how¬ 
ever, can result in coupling effects that modify the expected performance of the antenna. 77 

Other radiators that have been used with phased arrays include polyrods, Yagis, log- 
periodic antennas, spirals, and helices. Almost any type of radiator can be considered for 
application in a phased array; but the dipole, or its equivalent, probably has been the most 
popular. 

Mutual Coupling The analysis of the phased array used in this chapter, as well in many 
other books and publications on antennas, is based on a relatively simple model, as was 
used in Sec. 9.5. It simply combines in space the radiation from the individual antenna 
elements, taking account of their relative amplitude and phase. Maxwell’s equations are 
not involved, which is why it should not be surprising that the simple theory is not ade¬ 
quate for predicting the performance of actual phased arrays. In particular, the simple the¬ 
ory does not account for interaction among the radiating elements. The current at a par¬ 
ticular element depends on the amplitude and phase of the currents in many of its 
neighboring elements, as well as the original current applied by the antenna feed network. 
The effect of one element on the other is expressed by the term mutual coupling. When 
the antenna is scanned from broadside, mutual coupling can cause a change in antenna 
gain, shape of the antenna pattern, shape of the individual element patterns, sidelobe lev¬ 
els, and the radiation impedance. 

A major effect of mutual coupling is the change in the impedance seen at the ele¬ 
ment due to the presence of nearby elements. This is important for properly matching the 
element as the beam is scanned. The purpose of matching is to avoid high voltage stand¬ 
ing-wave ratios (VSWR) that can result at certain scan angles. 

Much of the classical theory of mutual coupling 78-80 has been based on modeling the 
antenna as an infinite array so that all elements within the array see the same environment. 
This has been a widely applied model for predicting phased array antenna behavior even 
though an infinite array is not realistic, and it can led to questionable results at times. In most 
practical arrays a large fraction of the elements can be considered edge elements, or elements 
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near- the edges. For example, it was mentioned previously that an element must be placed i n 
the center of a 9 by 9 or an 11 by 11 array to accurately determine the effect of the neigh¬ 
boring elements on its performance. With half-wave spacing this means that significant cou¬ 
pling will occur between a radiating element and all elements that are within 2 ~ wavelengths 
(if the 11 by 11 array represents an infinite array). In a square array of 60 by 60 elements 
approximately 30 percent are edge elements. With such a large fraction being edge elements' 
one has to use caution when applying the results of infinite array theory. 

The energy applied to a radiating element can appear in the main beam, the sidelobes 
or be returned to the transmitter. The infinite array theory generally assumes that as the an¬ 
tenna scans off broadside, the reduction in radiated power due to the reduction in gain of 
the radiating element (the element factor) causes energy to be returned to the transmitter 
rather than be radiated elsewhere in space. The energy that returns to the transmitter re¬ 
sults in an increase in the VSWR seen at each element. When the beam is steered, there¬ 
fore, to a null of the element factor, some theorists assume that all the power is returned 
to the transmitter, which can be catastrophic. The situation has been called blindness 81 or 
lost beams} 2 This is a well-accepted concept by some antenna theorists, but there remain 
unanswered questions about its applicability to real antennas. When the beam is steered to 
the null of the element factor, the main beam will be distorted or even disappear, but one 
can argue that most, if not all, of the energy of the main beam radiates into space in other 
directions (producing a weird radiation pattern) rather than return to the transmitter. 

Experimentally, the VSWR has been observed to increase at some of the many ele¬ 
ments of a phased array when the beam is scanned; but there seems to be little experi¬ 
mental evidence for all or a large part of the transmitter power being returned from the 
array when the main beam is scanned to the direction of an element factor null. One might 
be skeptical about theories based on the infinite array model that assert that all the power 
returns to the source at certain beam-steering angles. If the power is not returned to the 
transmitter it seems plausible to assert that it is radiated into space. One should not ex¬ 
pect a neat main-beam pattern or low sidelobes when this happens. An example of an ex¬ 
perimental measurement in which the power was found to radiate in space rather than be 
returned to the transmitter when the beam is scanned is described next. 

Forward-Wave Interaction in an Array Before leaving the subject of mutual coupling, an 
experimental measurement will be mentioned from the early 1960s which illustrates that 
further understanding of this subject is still required. Donald King and Harry Peters 83 re¬ 
ported measurements of small phased arrays using relatively high-gain closely spaced 
polyrod elements. Polyrods have seldom been used in phased arrays in the United States, 
but they illustrate the effects of mutual coupling that involve forward-traveling waves as 
well as diffraction effects and blockage. Measurements were made of a five-element ar¬ 
ray with polyrod radiators 6A in length, spaced 3/4 wavelength apart. This is a rather close 
spacing for such high-gain endfire antenna elements, so it should not be expected that 
conventional array theory will apply. The E-plane pattern of a single 6A polyrod in 
free space is shown in Fig. 9.32a. Its gain was 15.7 dB. The pattern of the center element 
of the five-element array is shown in Fig. 9.32b when the other four elements were 
termrnated in a matched load. The pattern in tire array is seen to be quite different from that 
in free space. It is broadened and becomes more rectangular in shape. The pattern of one 




Fig, 9.32 Illustration of forward-wave mutual coupling in a five-element array with polyrod elements each six 
wavelengths long and spaced 3/4 wavelength apart, (a) measured E-plane radiation pattern of a single isolated polyrod 
element; (b) Measured E-plane radiation pattern of the center element with each of the other four elements terminated in 
a matched load; (c) pattern with the beam scanned to 15°; (dj pattern with the beam scanned to 37.5° (the main beam 
is not seen at its scan angle of 37.5°, but is "lost"); and (e) VSWR of the feed line of the center element as a function of 
the scan angle. Note there is no significant change in VSWR even for a scan angle of 37.5°. 

I (From King and Peters, 83 Courtesy Microwave J.) 





594 


CHAPTER 9 * The Radar Antenna 


of the end elements was not given, but it would be different and would not be symmetrical 
in angle. Figures 9.32c and d show the beam scanned to 15 and 37.5°, respectively. The 
VSWR as a function of scan angle is given in Fig. 9.32e. (VSWR, or voltage standing-wave 
ratio, is a measure of how much signal is reflected by the antenna element back towards the 
transmitter.) Similar results were obtained when the element spacing was 1.5A. 

There are several interesting observations from these measurements. The VSWR did 
not increase as the beam was scanned from broadside, as would be expected from simple 
theory. The VSWR actually decreased, which is opposite to what is normally believed 
should happen when the beam of an array is scanned from broadside. There was no sig¬ 
nificant change in VSWR when the antenna was scanned to 37.5°. The antenna radiation 
pattern deteriorated considerably at this wide scanning angle and there was no main beam 
(the beam was “lost”), but there was energy radiated in other directions in space rather 
than reflected back to the transmitter, contrary to what is usually assumed in studies of 
mutual coupling. Thus there can be serious mutual coupling that affects the nature of the 
radiated pattern without energy being reflected back to increase the VSWR. Arrays of end- 
fire elements such as polyrods, Yagis, log periodics, and axial-mode helices can experi¬ 
ence similar mutual coupling due to forward-wave interaction, blockage, and diffraction 
rather than only the effects that appear at the terminals of the antenna elements. It might 
be expected that some of this behavior could also occur in an array of dipoles. 

Closely spaced endfire elements have been used in radar antennas, but not often. The 
reason for mentioning this is that it gives evidence that what happens in the external near¬ 
region of the array and the interaction of the elements on the radiating aperture might be 
as important to understanding what is happening in an array as is the more familiar back¬ 
ward coupling that affects the circuit impedance, or VSWR, of the antenna. Further evi¬ 
dence of the importance of what takes place in front of the antenna is the effect of a di¬ 
electric slab or a periodic structure of baffles in front of the array, or even an array of 
open-ended waveguides, all of which can cause surface waves to travel across the array 
and contribute to mutual coupling effects. 

Mutual Coupling and the Radar Systems Engineer The existing theoretical analyses of mu¬ 
tual coupling for finite (realistic) phased arrays do not seem complete since they do not 
account sufficiently for the forward-wave coupling among the elements. In spite of this 
deficiency, there is sufficient theoretical basis to allow the phased array antenna engineer 
to approach the design of real systems. As is common with many antenna design prob¬ 
lems, the experimental skill and ingenuity of antenna engineers in dealing with real-world 
design have allowed phased array radars to be successfully built in spite of the short¬ 
comings of existing theory. 


9,9 ARCHITECTURES FOR PHASED ARRAYS 

The term “architecture” is often used in the discussion of phased array radars but it has 
not been officially defined and there does not seem to be universal agreement as to what 
it encompasses. Here we use the term to include the various ways that phased array radars 
can be configured or structured. 
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An extremely important part of any practical phased array system architecture is the 
means by which the power from the transmitter is efficiently divided and distributed to the 
radiating elements, and the reciprocal problem of combining the signals received at the el¬ 
ements and providing them to the receiver and signal processor. The structure that performs 
this function is called the army feed. Two major methods for this purpose are constrained 
feeds (a network of transmission lines, or power dividers) and space feeds (which resemble 
feeds for reflectors or lens antennas). The constrained feed is sometimes called a corporate 
feed. Analog multiple-beam-forming arrays, active-aperture arrays, and digital beam-form¬ 
ing also require special consideration of the array feed method. Array feeds should not in¬ 
troduce significant loss nor should they be of excessive weight and size. Since the array feed 
is not always one of the more “glamorous” or visible parts of an array, it is not always ap¬ 
preciated that any loss it introduces is equivalent to a loss in antenna power gain and has to 
be compensated by an increase in transmitter power or other, usually undesirable, means. 

Constrained Feed Simple illustrations of a parallel-fed and a series-fed constrained feed 
for one-dimensional linear arrays were shown in Fig. 9.16. The constrained feed is basi¬ 
cally a 1 X A power divider, where N = total number of elements in the array. Figure 9.33 
is an example of a constrained feed for an array in two dimensions. This particular ex¬ 
ample is a combination of a single parallel feed and a number of series feeds. In one di¬ 
mension, tlte parallel feed is shown and in the other dimension series feeds are shown. 
Each element has its own phase shifter. The required phase shift to steer the beam in two 
dimensions can be determined for each element by the beam-steering computer and then 
distributed to each phase shifter. Alternatively, a small computation chip can be placed at 
each element to compute the phase required at that particular element, based on being told 
the azimuth and elevation angles to which the beam is to be steered. Feeds consisting of 
waveguide or coaxial transmission lines can handle high power with low loss and can be 
constructed with excellent precision. They can, on the other hand, be bulky and expen¬ 
sive. At the higher microwave frequencies (L band and above), strip lines which can be 
precisely fabricated with computer-aided manufacturing techniques are sometimes used. 

The power distribution to the columns of the two-dimensional array of Fig. 9.33 is 
shown with a single parallel feed. The power in each column is distributed with a series 



Figure 9.33 Planar array for scanning 
in two angular coordinates. 
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feed to the vertical elements. This is called a parallel-series feed. It the columns were fed 
with a parallel feed, it would be a parallel-parallel feed. There can also be a series- 
series feed. Series feeds may sometimes be easier to implement, especially in an active- 
aperture array where the transmitters and receivers are located between the feed and the 
radiators; but they have narrower bandwidth than the parallel feed. 

Losses in constrained feeds are due to attenuation in the transmission lines as well 
as reflections from the junctions. Mailloux 84 states that the total length l of transmission 
line from an antenna element to the single array input is at least 

Z = ( N 1 ' 2 - 1 )d [9.43a] 

This expression applies to a square array with total number of elements N and element 
spacing d. (The total length l can be longer than given by this equation, depending on the 
specific architecture.) The longer the length of line between antenna element and input, the 
greater will be the loss due to transmission line attenuation. Mailloux also states that the 
total number of power dividers (which also introduce loss) in series with each element is 

Total number of power dividers = log 2 N = 3.32 log 10 N [9.43b] 

When the power splitters in a parallel-feed are four-port hybrid junctions, or the equiv¬ 
alent, the feed is said to be matched. Theoretically, there are no spurious signals gener¬ 
ated by internal reflections in a matched feed. It is not always convenient or practical to 
use four-port hybrid junctions. Three-port tee junctions are sometimes used instead, for 
economic reasons, to provide the power splitting. Such a network cannot be perfectly 
matched in theory, and internal reflections can occur which can appear as spurious side- 
lobes in the radiation pattern. 

Brick and Tile Assemblies Brief mention should be made of two types of array archi¬ 
tectures, one called brick and the other tile. They will not be described in sufficient de¬ 
tail to fully understand, but further information is available in the literature. 85,86 These 
terms relate to the manner in which the array is contracted in relatively larger sections to 
make assembly easier. They are used with a corporate feed. The array is often grouped 
into subarrays of rows, columns, or areas, with each subarray fed separately. In the brick 
construction, the array is assembled with circuits on boards that are mounted perpendic¬ 
ular to the array face. In tile construction, which has also been called monolithic array 
construction, the array is assembled with one or more layers parallel to the array face. 
The array face contains the radiating elements and semiconductor active subarrays. The 
phase shifter drivers might be mounted on a layer just below the radiating face, and an¬ 
other layer with the RF power dividers mounted below that. Brick construction utilizes 
greater depth than does tile construction, so it allows more room for circuits, better ther¬ 
mal dissipation, and more convenient maintenance. It is also compatible with dipole and 
flared-notch radiators which can have greater bandwidth than the flat microstrip patch- 
radiators of the tile type of construction. Tile construction has the advantage of being thin 
so that it can be made to conform to aircraft or missile surfaces. It can be folded and 
stowed for erection in space, and it can be compatible with robotic or other automatic 
means of fabrication. Generally, the brick and tile structures have been of more interest 
at the higher frequencies (X band and above) than at lower frequencies. 
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Monopulse Beams When multiple beams are needed for monopulse angle measurement 
with a constrained-feed phased array, the output of each receiving element can be split into 
three separate outputs that connect to three separate beam-forming networks. One output 
is used with a beam-forming system to provide the sum beam and the other two outputs 
are used with separate beam formers to generate the two angle beams. The two angle beams 
can have different aperture illuminations (weightings) than the sum beam so as to produce 
desirable difference patterns with low sidelobes and a good error-signal slope. 

Space Feeds A space feed is similar to the feed of a reflector antenna. It enjoys the ad¬ 
vantage of the relative simplicity that characterizes feeds for reflectors. There are two 
types of space feeds depending on whether the array is analogous to a lens or to a 
reflector. 

Lens Arrays Although the lens array is considered first in this discussion, much of what 
is said about it is applicable to the reflectarray as well. The lens array. Fig. 9. 34a, is fed 
just as would a lens antenna. It is shown in Fig. 9.34a as a one-dimensional representa¬ 
tion, but the space-fed array is almost always two-dimensional. The primary feed might 
be a single horn, a collection of horns, or a monopulse cluster of horns. (The space-fed 
array is described as a transmitting antenna, but an analogous description can be given as 
a receiving antenna.) An array of antenna elements collects the energy radiated by the 
feed and passes it through phase shifters which provide a phase correction to convert the 
incident spherical wave to a plane wave. The phase shifters also apply the phase shifts re¬ 
quired to steer the plane wave to some angle off of broadside. The antenna elements on 
the opposite side of the lens array then radiate the beam into space. The feed illuminat¬ 
ing the space-fed array provides a natural amplitude taper to produce lower sidelobes than 
would a uniform illumination. The feed may be placed off-axis to avoid reflections from 
the lens returning to the feed and producing a large VSWR. 

Reflectarrays A space-fed reflectarray with an offset feed is diagrammed in Fig. 9.34b. 
The energy from the feed enters the antenna elements, passes through the phase shifters, 



Figure 9.34 


Space-fed arrays. 


(a) Lens array; (b) reflectarray. 
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is reflected, and passes back through the phase shifters to be radiated as a plane wave i n 
the desired direction. Because the energy passes through each phase shifter twice, a phase 
shifter need only be capable of half the phase shift needed for a lens array or a conven¬ 
tional array. The phase shifters, however, must be reciprocal. This can be a limitation since 
some ferrite phase shifters with excellent properties for use in phased arrays are nonre¬ 
ciprocal and therefore cannot be used in a reflectarray. 

Comparison Spillover radiation from the feed of a space-fed array can result in higher 
sidelobes at angles far from broadside than would be obtained with a constrained feed, 
unless some means are taken to minimize the spillover. Both sets of antenna elements at 
the front and back of the lens array require matching. This increases the matching prob¬ 
lem of the array and can result in lower antenna efficiency. It is relatively straight¬ 
forward, however, for the space-fed array to generate a cluster of beams, as for monopulse 
angle tracking, by use of multiple feed horns similar to those used for monopulse track¬ 
ing with a reflector antenna. Compared to the constrained feed, space-fed arrays have the 
advantage of lower loss. 

The lens array allows more freedom than the reflectarray in designing the feed as¬ 
sembly since there is no aperture blocking. The presence of a back surface in the reflect¬ 
array, however, not only allows better mechanical support and heat removal than in a lens 
array, but it also makes it easier to provide the needed control signals to the phase shifters. 
Space-fed arrays are generally cheaper than conventional arrays because of the omission 
of transmission-line feed networks. The space-fed array with a single transmitter and re¬ 
ceiver is usually cheaper than an active-aperture array (to be described later) whose trans¬ 
mitters (and receivers) are distributed along the aperture. 

A space-fed array may be cheaper than an array with a constrained feed or an active- 
aperture array, but it might not have the ability to control the aperture illumination suffi¬ 
ciently well to obtain ultralow sidelobes; and it is not capable of the very large powers 
possible with a conventional array where a transmitter can be placed at each of the many 
elements of the array. 

Parallel-Plate Feeds A folded pillbox antenna, a parallel-plate horn, or other similar 
microwave devices can be used to provide the power distribution to the antenna elements. 
These are called reactive feed systems. They are basically used with a linear array and 
can be considered as another form of space-fed array, but only for one dimension. They 
would have to be stacked to feed a planar array, and would thus be a heavy feed system. 

Further information on the many methods for feeding a phased array can be found in 
Patton. 87 

Subarrays It is sometimes convenient to divide the array into subarrays. These can sim¬ 
plify the manufacture and assembly of the array, provide broader signal-bandwidth, and 
allow multiple transmitters to be used to obtain greater power. Each subarray could have 
its own transmitter and receiver, but it is not necessary to do so to utilize subarrays. It is 
also possible to give identical phase steering commands to similar elements in each sub¬ 
array to allow simplification of the beam-steering unit (which generates the beam steer¬ 
ing commands). Because of the discrete nature of the subarrays, the phase distribution 
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across the aperture has the character of a stair-step, with one step over each subaperture. 88 
This can result in what are called quantization lobes. Such lobes can be reduced by ei¬ 
ther overlapping the subapertures or inserting a small amount of randomization 89 to the 
phases of the subapertures. The term subarray also has, at times in the past, been applied 
to the array feed networks of a constrained feed system that produce sum and difference 
patterns for monopulse angle measurement. 90 

Subarrays can achieve wide signal-bandwidth by employing a variable time-delay el¬ 
ement at each subarray. 91 Although time-delay elements allow wideband operation, they 
have not been economically feasible to use at each radiating element of a large phased 
array. A compromise is to utilize them at each subarray. 

The original U.S. Navy Aegis (AN/SPY-1) phased array radar system for ship air de¬ 
fense employed 32 transmitting and 68 receiving subarrays of different sizes. 92 Each of 
the 32 transmit subarrays had its own CFA (crossed-field amplifier) power amplifier. 

Triangular Element Spacing 93,94 For the most part, it has been assumed here that the ra¬ 
diating elements of a phased array are laid out in a square grid. A triangular, rather than 
a square, arrangement of elements, however, permits a savings in the total amount of el¬ 
ements needed in an array when the spacings are determined to avoid grating lobes (spu¬ 
rious beams comparable to the main beam that appear in the radiation pattern when the 
element spacings are too large). The reduction in the number of elements depends on the 
solid angle over which the main beam is scanned. For example, if the beam is to be scanned 
anywhere within a cone defined by a half-angle of 45°, the number of elements required 
with equilateral triangular spacing is 13.4 percent less than with square spacing. (The al¬ 
titude of the equilateral triangle in this case is equal to the element spacing of a square 
grid.) The smaller the angular region to be covered, the less is the saving. Triangular spac¬ 
ings are more likely to produce higher sidelobes in some directions because of the phase 
quantization of digital phase shifters. 95 For most applications, however, these quantiza¬ 
tion lobes do not significantly limit system performance. 

Active-Aperture Phased Arrays There are several different ways to configure a phased 
array radar system. One traditional method is to use a high-power phase shifter at each 
antenna element, with a single high-power transmitter and a single receiver for the entire 
radar. This has sometimes been called a passive aperture , or passive array, in contrast to 
what is known as an active aperture, or active array. They are illustrated in Fig. 9.35a and 
b respectively. An active aperture has a transmitter (low or modest power) at each antenna 
element. There is also included at each element an individual receiver, phase shifter, du¬ 
plexes and control, as well as the RF power source. Thus an active-aperture phased ar¬ 
ray implies there is a miniature radar system at each of the array elements. The con¬ 
struction of the electronics at each element of an active-aperture array radar can be highly 
integrated as a module or with MMIC (monolithic microwave integrated circuitry) con¬ 
struction. The active-aperture module. Fig. 9.35c, is called the T/R (transmit/receive) mod¬ 
ule or transceiver module. 

The passive aperture has had the advantage of usually being cheaper than an active 
aperture, but cost has not been the only criterion used in selecting a particular array ar¬ 
chitecture. There are factors in favor of the passive approach and factors in favor of the 
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Figure 9.35 Comparison of the passive- and active-aperture array configurations, both shown with subarrays, (a) 
Passive-aperture phased array with a single high-power transmitter on the left and high-power phase shifters at each 
element, (b) Active-aperture array with T/R (transmit/receive) modules at each element. Sometimes there might be a 
booster amplifier on transmit at each subarray (that is bypassed on receive) and/or a time-delay element for increasing 
the signal bandwidth, (c) T/R module configuration, with a power amplifier on transmit and a low-noise amplifier (LNA) 
on receive. 


active approach, and the choice as to which to use will depend on how the pros and cons 
balance for any particular application. 

There are some generalities that can be cited regarding the relative costs of the two 
types of arrays. In the past it has been observed that it has often been cheaper to achieve 
a required total average power by employing a single high-power transmitter rather than 
obtain the same power by combining the outputs from a number of low-power sources. 
It has also been observed that high-power vacuum-tube transmitters usually have been 












9.9 Architectures for Phased Arrays 601 


more efficient than the solid-state transmitters employed in active-aperture arrays at the 
higher microwave frequencies. These advantages of a single transmitter might be balanced 
by the fact that in an active aperture the power from the individual, low-power sources is 
combined in space so there is no loss in distributing the power as there is in a passive 
aperture that uses a constrained feed. If the passive array is space-fed, the loss is less than 
would be experienced by an array with a constrained feed. In a passive aperture the phase 
shifters must be capable of handling higher power than the phase shifters in the active 
aperture. The phase shifter loss in a passive aperture is often some fraction of a dB, which 
is low. The phase shifter loss in an active aperture, however, can be much larger than the 
phase shifter loss in a passive array since it occurs at low power levels and can be made 
up by increasing the gain of the power amplifiers that are located between the phase shifter 
and the antenna element. Thus there is little effect of phase shifter loss on the performance 
of an active aperture. Similarly on receive, the loss introduced by the phase shifter in the 
passive aperture can degrade the receiver noise figure. Loss in the phase shifters of an ac¬ 
tive aperture on receive is less important since the phase shifters are preceded by a low- 
noise amplifier that determines the noise figure. 

There are various corporate-fed beamformer architectures that can be used with ac¬ 
tive-aperture arrays, depending on (1) whether the amplitude taper is applied in the beam- 
former network or in the T/R modules, (2) the degree of reliability (mean time between 
failures) required, and (3) whether the array is narrow or wide band. 96 

It has also been claimed 97 that the distributed architecture of the active aperture can 
smooth the effect of pulse-to-pulse amplitude and phase variations introduced by the RF 
power source, and therefore increase the MTI improvement factor and obtain better de¬ 
tection of moving targets in clutter. Since the amplitude and phase variations tend to be 
random among the many modules of the active aperture, the fluctuations combine in a 
noise-like fashion to smooth the effect. This assumes that a single large power supply is 
not used to power the T/R modules. 

The proponents of the active-aperture array architecture state that one of its chief at¬ 
tributes is that the total transmitter power will be less than that of a passive aperture (that 
employs a constrained feed) since it avoids the losses of the high-power phase shifters 
and feed system. This might make the cost of the active aperture radar less than a passive 
aperture, if the cost of the active aperture T/R modules is not too large. The proponents 
of the passive aperture, on the other hand, will argue that the high cost of T/R modules, 
especially at the higher microwave frequencies (such as X band), as well as the lower ef¬ 
ficiency of solid-state transmitters, will offset the higher losses of the passive aperture to 
make the active aperture more expensive. They would also argue that the cost advantage 
is even more in favor of the passive aperture if a space-fed array is used. 

Although one can debate whether the active aperture or the passive aperture is bet¬ 
ter, the choice—just like many other choices that have to be made in engineering—de¬ 
pends on the particular application and the particular constraints imposed. It is not always 
obvious without full analysis which approach results in a more cost-effective phased ar¬ 
ray radar. 

Examples of Active-Aperture Phased Array Radars The first “modern” phased array 
radar was the AN/FPS-85 satellite surveillance radar, which became operational at 
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Eglin Air-Force Base, Florida, in 1969. 98 99 In some respects, it can be said to have been 
the first active aperture phased array, in that it employed 5184 individual transmitter units 
one at each of the radiating elements. It operated at UHF (centered at 442 MHz). Separate 
receiving and transmitting arrays were used since it was cheaper to employ two arrays 
rather than one array with duplexers. The receiving aperture was larger than the transmit¬ 
ting aperture and employed 19,500 receiving elements. Only 4660 of the elements in the 
receiving array were active (had receivers connected to them), the rest were inactive and 
were terminated. The receiving elements were arranged in a thinned, space-taper manner 
to reduce the number of receivers required while maintaining a suitable sidelobe level. The 
transmitters used a highly reliable tetrode as the final amplifier stage to produce a peak 
power output of 10 kW at each element. The total peak radiated power was 32 MW and 
the beamwidth was 1.4°. This radar was considered a success. It has been upgraded, but 
for a long time it continued to use a vacuum tube as the final stage at each transmitting el¬ 
ement since it was cheaper to do so than convert to solid state. The radar has performed 
well its role in detecting, tracking, identifying, and cataloging earth-orbiting objects. 

The first all solid-state active aperture phased array was the AN/FPS-115, more com¬ 
monly known as Pave Paws. 100 It operated at UHF and was designed to detect subma- 



Figure 9.36 (a) The U.S. Army's THAAD X-band Ground-Based Radar (GBRJ active-aperture radar 

for tactical ballistic defense. The 25,000-element array antenna equipment is shown at the lower left. 
Just behind it is the electronics equipment unit that houses signal and data processing, 
uninterruptable power supplies, receiver/exciter, and waveform generator. To the right is the cooling 
unit. At the upper left-center is the operator control unit. Not shown is the 1.1-MW diesel generator 
prime power unit. 

I (Courtesy, Raytheon, Inc.) 
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line-launched ballistic missiles fired at the United States. It had a secondary mission to 
perform space surveillance. Pave Paws employed 1792 active elements arranged in a cir¬ 
cular aperture 22.1 m (72.5 ft) in diameter, plus 885 dummy elements. The peak power 
per T/R module was 335 W, which produced a total peak power of 600 kW and an aver¬ 
age power of 150 kW per face. A Pave Paws radar consisted of two faces to cover 240° 
in azimuth. There were 56 subarrays, each containing 32 modules feeding 32 radiating el¬ 
ements. Its range was said to be 3000 nmi for a 10 m 2 target. There were four operational 
Pave Paws radars in the United States. One of these, located in Georgia, was expected to 
be increased in capability by 10 dB (by employing more elements) and replace the AN/FPS- 
85. A larger version of Pave Paws has also replaced the parabolic torus reflector antennas 
in the Ballistic Missile Early Warning System (BMEWS). 

The THAAD (Theater High Altitude Area Defense) radar. Fig. 9.36a, is an active 
aperture radar designed for ballistic missile defense. 101 It has also been known as the 
Ground based Radar, or GBR. Radars for ballistic missile defense have to perform target 
detection, acquisition, track, identification (recognition), discrimination (of reentry vehi¬ 
cles from decoys and chaff), and assessment of target kill as well as in-flight communi¬ 
cation to the defensive missile. The THAAD GBR is an X-band radar with 25,344 


(b) EL/M-2080 i-band active aperture radar for the Israeli Arrow Tactical Ballistic Missile Defense 
System. 

I (Courtesy IAI/ELTA Electronics Industries, Ltd.) 
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radiating elements, each with its own gallium arsenide T/R module. In order to be able 
to operate with a wide-bandwidth signal, the aperture is divided into 72 subapertures, each 
containing 352 active elements. There is a time-delay steering element at each subarray 
to permit the use of wideband waveforms without distortion. The array aperture is 9.2 m 2 
(almost 100 ft 2 ), which is quite a large aperture for an X-band phased array. Because there 
are so many of them, the T/R modules are a very important part of this radar (or any ac¬ 
tive-aperture array) and are the largest cost element of the array. It was said that “every 
$100 saved in the T/R module cost corresponds to $2.5M for the complete array.” The 
entire array weighed over 46,000 pounds. 

A different solid-state active-aperture phased array radar for theater ballistic missile de¬ 
fense is the Israeli L-band EL/M-2080 shown in Fig. 9.36b. It performs search, acquisition, 
and fire control as part of the stand-alone Arrow weapon system. 102 It is said to have de¬ 
tection ranges of hundreds of kilometers and can simultaneously track and engage many 
tens of missiles. 

The active-aperture phased array has also been considered for airborne (fighter/at¬ 
tack) radar and for ship self-defense radar. In the airborne application the number of mod¬ 
ules (and radiating elements) might be from 1000 to 2000, and for shipboard air defense 
there might be from 4000 to 8000 modules. A serious limitation of any fixed electroni¬ 
cally steered phased array radar mounted in the nose of a fighter aircraft is its limited an¬ 
gle coverage. Although a phased array is usually said to be able to steer ±60° coverage 
in angle, the main-beam gain decreases, the beam broadens, and the sidelobes rise sig¬ 
nificantly even before the beam approaches 60° from boresight. A fighter aircraft, how¬ 
ever, requires its antenna beam to steer to even greater angles than 60°. This is practical 
to do with a mechanically steered antenna, but not with an electronically steered phased 
array. In the AN/APG-77 radar for the F-22 fighter aircraft, provision was made as a 
growth feature to allow installation of a “side array” on each side of the aircraft to allow 
coverage at angles beyond that available with a fixed electronically steered phased array 
antenna. 103 The addition of the side arrays, of course, increases the cost of an already ex¬ 
pensive active-aperture radar. 

Example of a Russian Phased Array Radar Architecture The Russians have generally em¬ 
ployed a different approach from the United States to the design of their phased array air- 
defense radar systems. The U.S. Army’s C-band Patriot and the U.S. Navy’s .S'-band Aegis 
systems use multifunction phased array radars that perform the various radar functions re¬ 
quired for air defense with a single system operating within a single frequency band. As 
discussed later in Sec. 9.14, this represents a compromise since the optimum frequencies 
for search and for track of aircraft are different. The Russians, on the other hand, use sep¬ 
arate radars for each function, and the radar s operate at frequencies more suitable for their 
particular function. Since Russia is a vast country requiring many air-defense systems, 
they emphasized a low-cost approach to radar design. 

The Russian air-defense system S300V (NATO designation SA-12), used a 10,000- 
element X-band lens-array radar for multiple-target tracking and weapon guidance. The 
NATO designation of this X-band radar is Grill Pan. (The information in this subsection 
is taken from a paper by David Barton. 104 ) The low cost and low RF loss experienced by 
this system was due, in part, to the separation of the surveillance and tracking functions 




9.9 Architectures for Phased Arrays 605 


rather than to their being combined in one multifunction array. The space-fed lens array 
utilized multimode monopulse horn-feeds, so it did not experience the larger loss that a 
constrained-feed system might have. Faraday rotation dual-mode ferrite phase shifters 
were used which operated with circular polarization. Rather than convert the normal lin¬ 
ear polarization to circular for operation in the phase shifter, and back again to linear 
(which is normally done with the dual-mode ferrite phase shifter), the two polarization 
transformations characteristic of U.S. dual-mode ferrite phase shifters were omitted by 
having the radar transmit and receive circular polarization. The array received the or¬ 
thogonal circular polarization; that is, it received left-hand circular if right-hand circular 
was transmitted. (The polarization of the echo from an aircraft when illuminated by one 
sense of circular polarization contains both right and left circular polarizations in roughly 
equal amounts.) The ferrite phase shifters were nonreciprocal, but the phase shifters did 
not have to be reset after transmission in order to receive since the same phase settings 
were applicable when the received signal was of a circular polarization orthogonal to that 
transmitted. Since the polarization on receive was different from that on transmit, the re¬ 
ceiver was partially isolated from the transmitter. The isolation due to the orthogonal po¬ 
larizations, plus the use of a rugged cyclotron-wave electrostatic amplifier as the receiver 
front-end, eliminated the need for a duplexer or solid-state receiver protector, further re¬ 
ducing the loss. (The electrostatic amplifier had a 3-dB noise figure and could withstand 
average leakage power of several hundred watts and much higher peak power.) 

The Russian ferrite phase shifters had two sections in series to provide 720° of phase 
shift (instead of the more usual 360°). Each section had its own control coil. One coil was 
for setting the phase required to steer in elevation and the other for the phase to steer in 
azimuth. All the row coils were in series with each other to provide azimuth steering and 
all the column coils were in series to provide elevation steering. The 10,000 element ar¬ 
ray (100 X 100) required only 100 row drivers and 100 column drivers. There were no 
driver or logic circuits, data busses, or d-c power busses needed in the aperture for de¬ 
termining the combined phase shift for steering in two angles. The total two-way RF loss 
from transmitter to receiver, excluding propagation loss, was about 3 dB for the Grill Pan. 
This compares to the 7 to 12 dB losses found in comparable Western systems. 

The lack of individual control of each phase shifter, however, can cause the phase er¬ 
rors at the elements to be correlated over entire rows or columns of elements. Loss of a 
driver can result in the loss of an entire row or column of elements. The simplicity and 
low cost of this method for setting phase shifters make it more difficult to achieve low 
sidelobes. 105 

In addition to lower system cost and more optimum frequency usage, another ad¬ 
vantage in using multiple radars in an air-defense system rather than a single multifunc¬ 
tion phased array is that the individual radars can employ long-dwell medium-prf and 
high-prf pulse doppler waveforms that are needed to detect moving aircraft and missile 
targets in heavy clutter. 

The Z-band Grill Pan described above was the target tracking and guidance radar for 
the SA-12 air-defense system. Air surveillance was performed with the S-band Bill Board 
radar, which is a scanning beam 3D radar using a phase-scanned planar array with slot¬ 
ted waveguide radiators. The array could be stowed for transport in the short time of one 
minute. The SA-12 also employed a separate sector-search radar for detection of tactical 
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ballistic missiles. The Russian SA-10, a similar air-defense radar system, also deployed 
on a tower a horizon search radar called Clam Shell for detection of low-altitude targets. 

According to Barton, this approach to air defense seems to reflect “the Russian mil¬ 
itary’s insistence on high performance against targets of low cross section in environments 
containing rain, chaff, and other sources of clutter, an almost insoluble problem when the 
multifunction approach is adopted.” 

Simultaneous Multiple Beams (Analog) As has been noted, the phased array can form a 
number of multiple simultaneous beams. This is important for monopulse angle tracking; 
but in this subsection multiple beams are considered to be more than what is normally 
needed for tracking. In principle, an /V-clement array can generate N independent beams. 
Multiple beams allow parallel operation and a higher data rate than with a single beam. 
The multiple beams may be fixed in space, steered independently, or steered as a group. 
They can be generated on transmit as well as on receive. When multiple beams are gen¬ 
erated on receive, the transmit beam can have a wide radiation pattern that encompasses 
the coverage of the multiple receive beams. In the past, multiple beams were generated 
by analog components, but it is now advantageous to employ digital methods for beam¬ 
forming. Digital beam-forming is not appropriate for transmit, but this is not necessarily 
a limitation since the transmitting antenna is relatively simple and employs a broad 
radiation-pattern (omnidirectional in some cases). 

The simple linear array that generates a single beam can be converted to a multiple- 
beam array by attaching additional fixed phase shifts to the output of each element. Each 
beam to be formed requires one additional phase shill per element, as in Fig. 9.37. For 

Figure 9.37 Simultaneous beam formation on receive 
(three beams shown). tf>o = constant phase; 
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simplicity, the array in this figure is shown with but three elements, each with three sets 
of phase shifters. One set produces a beam broadside to the array (0 = 0). Another set of 
three phase shifts generates a beam in the direction 0 = +6 0 . The angle the beam points 
is determined by the relationship 9 0 = sin -1 (A</> A/2 ird), where A (f> is the phase differ¬ 
ence inserted between adjacent elements. Similarly, there is a set of phase shifters to pro¬ 
duce a beam in the — 6 0 direction. The receiving beam-forming networks may be at RF 
or at IF. At IF, tapped delay lines have been a convenient method to obtain the necessary 
phase shifts. 

Butler Beam-Forming Array, or Butler Matrix 106 This is an analog RF beam-forming 
network, an example of which is shown in Fig. 9.38. It consists of 3-dB directional cou¬ 
plers (or hybrid junctions) and fixed phase shifts to form N contiguous beams with an 
/V-elcment linear array. The number N is an integer expressed as some power of 2, that is, 
N = 2 P . The 3-dB directional coupler is a four-port junction. A signal fed into one port will 
divide its power equally between two other ports and no power will appear at the fourth 
port. In the process, a 90° phase difference is introduced between the phases of the two 
equally divided signals. Likewise, a signal inserted at the fourth port will divide its power 
equally between the same two ports with a 90° relative phase difference, and no power will 
appear at the first port. The relative phase difference in this case is of opposite sign com¬ 
pared to the phase difference resulting from a signal introduced at the first port. 

The example of a Butler matrix depicted in Fig. 9.38 is an eight-element array that 
produces eight independent beams. It utilizes 12 directional couplers and eight fixed phase 


Figure 9.38 Eight-element Butler 
beam-forming matrix. 
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shifts. A Butler matrix has 2F inputs and 2 P outputs. The number of directional couplers 
or hybrid junctions required for an Melement array is equal to (M2) log 2 N, and the num¬ 
ber of fixed phase shifts is (M2) log 2 (N — 1). 

The Butler matrix is theoretically lossless in that no power is intentionally dissipated 
in terminations. There will always be, however, a finite insertion loss due to the inherent 
losses in the directional couplers, phase shifts, and transmission lines that make up the 
network. In a theoretically lossless, passive antenna radiating multiple beams, the radia¬ 
tion pattern and the crossover level of adjacent beams cannot be specified independently 
With uniform illumination, as in the Butler matrix, the crossover level is 3.9 dB (2/n in 
voltage) below the peak value of the beam. Crossover is independent of the beam posi¬ 
tion, element spacing, and frequency. The pattern is of the form (sin u)/u, with — 13.2 dB 
peak sidelobe. 

The low crossover level of a Butler matrix is one of its disadvantages. If a lossless 
network could be achieved with a cosine illumination so as to reduce the peak sidelobe 
compared to that obtained with uniform illumination, the crossover level would be even 
worse (at a value of -9.5 dB); but the peak sidelobe would be -23 dB instead of 
—13.2 dB obtained with a uniform aperture illumination. By combining the output beams 
of the networks with additional circuitry, the Butler matrix can be modified to obtain an 
aperture illumination with lower sidelobes. The beamwidth will be widened, the gain low¬ 
ered, and the network will no longer be theoretically lossless. 

The flow diagram of the well-known fast Fourier transform (FFT) is similar to the 
circuit diagram of the Butler matrix. 107 The Butler matrix, however, was known before 
the FFT. Some of those familiar with the Butler matrix were surprised when they learned 
they were unknowingly using what would become an important procedure for the math¬ 
ematical calculation of the Fourier transform. The FFT uses (M2) log 2 N computations for 
an Mpoint transform, the same as the number of junctions needed for a Butler matrix. 

The antenna equivalent of the conventional Fourier transform is called the Blass beam¬ 
forming network. It requires N 2 couplers for N inputs and N outputs, just as the conven¬ 
tional Fourier transform requires N 2 computations for an Mpoint transform. 

There have been other analog beam-forming methods considered for generating mul¬ 
tiple beams with a phased array, as discussed in Sec. 8.7 of the second edition of this text. 
Most of them, as well as those mentioned above, are more suited for generating beams in 
one angular coordinate than in two coordinates; 

Pattern Limitations in (Analog) Multipie-Beam Antennas In the above discussion of the 
Butler matrix it was said that it was not possible to arbitrarily select the crossover level 
of adjacent beams. The crossover of 3.9 dB down from the peak of the beam is deter¬ 
mined by the theoretical lossless nature of the Butler matrix beamformer. This crossover 
level, however, is a characteristic of any passive, lossless antenna that forms multiple in¬ 
dependent beams when the aperture illumination is uniform, as was indicated by Warren 
White. 108 He showed that a passive lossless beam-forming antenna requires that the in¬ 
dividual beam patterns be orthogonal in space, which means that 

r'Z'TT r + 7Tl2 
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where 6 = the longitude angle on the unit sphere, cf> = the latitude angle, E l (6,<f>) = the 
radiation pattern associated with the jth input terminal, and E* k (0,4>) = the complex con¬ 
jugate of E k (9,<t>). Independent orthogonal beams mean that when two or more beam in¬ 
put ports are simultaneously excited, the resulting radiation is a linear superposition of 
the radiations that would be obtained when the ports are excited separately. In addition, 
when a signal is applied to one port it should have no output at the other ports. An an¬ 
tenna which is lossless and passive means that the radiated power is the same as the in¬ 
put power. 

As has been mentioned, the (sin u)/u pattern produced by a uniform illumination is 
an example of a pattern with orthogonal properties and produces a crossover of 3.9 dB 
between adjacent beams. With a cosine-squared illumination, however, White stated that 
the crossover with a lossless passive multibeam antenna is 15.4 dB down, and for a Ham¬ 
ming distribution it is 18.4 dB down. These are unacceptably high values. They apply to 
one-dimensional antennas. For two-dimensional antennas with pencil beams, the crossover 
in dB is double. 

White suggested that these poor values of beam crossover can be avoided by use of 
active elements (amplifiers) inserted between the antenna radiating elements and the re¬ 
sistive beam-forming network. The sensitivity of the receiving antenna is established by 
the active circuits (low-noise amplifiers) at each element. Any losses that follow the am¬ 
plifier do not affect the overall receiving system sensitivity. This method for generating 
efficient multiple-beam array antennas is similar to what is done in a digital beam¬ 
forming array, as will be described later in this section. 

Systems Considerations for Multiple Beam-Forming Arrays A surveillance radar with a 
broad-beamwidth transmitting antenna (beamwidth 0 T ) and with N fixed, narrow receiv¬ 
ing beams (each of beamwidth 0 R ) that cover the same angular region (so that N0 R = 0 T ) 
can have performance equivalent to a conventional radar that uses a single rotating 
transmit-receive beam of width 0 R . Equivalent performance means, in this case, that the 
two different types of radars will be able to detect the same size targets at the same range 
and have the same revisit time, which, in the case of a mechanically rotating antenna, is 
the antenna scan time, or the time to rotate 360° in azimuth. This requires that the signal 
integration time for the radar with fixed multiple beams also be the same as the time for 
the rotating antenna to make one revolution-. The transmitting antenna gain of the multi¬ 
ple-beam radar is 1/Mh that of the scanning single-beam system. However, the observa¬ 
tion time available to each of the fixed beams of the multiple-beam system is increased 
by 0 T /0 r — N. If the signal is integrated without loss over this time, the reduction in trans¬ 
mitting antenna gain in the multiple-beam system is just compensated by the increased 
signal energy obtained because of its much longer integration time. The assumption of no 
integration loss is correct for perfect pre-detection (coherent) integration. When post¬ 
detection integration is used, however, there will be a theoretical integration loss so that 
the two radar systems will not be of exactly equivalent performance. 

In a radar with fixed multiple receiving beams and a single broad transmitting beam, 
the two-way sidelobes are not as low as with a single-beam scanning radar. In some ap¬ 
plications where low two-way sidelobes are important, it may be desirable to decrease the 
antenna sidelobes of the multiple receiving beams more than normal. 
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Multiple beam-forming array radars that use analog beam-forming are usually more 
expensive and require more equipment than a conventional scanning surveillance radar. 
They also do not seem to offer significant advantages in performance or capabilities over 
a conventional scanning radar. For these reasons they have seldom been considered for 
operational radar system applications. The production of multiple beams using digital 
beam-forming, to be discussed next, can also be expensive, but the use of digital tech¬ 
nology offers advantages not readily available otherwise. Digital beam-forming, therefore, 
is of much more interest for multiple-beam radar applications than are analog beam¬ 
forming methods. 

Digital Beam-Forming (DBF ) 109-113 Almost all modem phased array radars utilize some 
sort of digital phase shifting to form a beam; but the term digital beam-forming (DBF) 
usually means something different—the formation of multiple receive beams by digitiz¬ 
ing the outputs of the receiving array elements and forming beams by means of a digital 
processor. Although a single beam can be formed in this manner, digital beam-forming 
has more often been considered when multiple, simultaneous, directive beams are wanted. 
When digital beam-forming is employed to generate multiple receiving beams, the ac¬ 
companying transmitting antenna has a broad beamwidth covering the same total angular 
region as the multiple receiving beams. The outputs from the multiple beams can be 
processed in parallel by the radar. 

The basic configuration of a digital beam-forming receiving array might be as shown 
in Fig. 9.39. At each antenna element there is a receiver whose analog signal is digitized 
by the A/D converter. The A/D converter is a critical component since it can place a limit 


Figure 9.39 Basic configuration of a digital 
beam-forming receiving array. 
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on the system bandwidth and dynamic range. The lower the frequency at which the A/D 
converter operates, the greater can be its dynamic range and bandwidth. For this reason 
the input to the receiver is usually heterodyned (downconverted) to a lower frequency, fil¬ 
tered, and amplified to a power level suitable for the A/D converter. The receivers must 
be closely matched to one another so that the relative amplitude and phase of the sig nal s 
at each element are preserved. If other than a uniform aperture illumination is desired (for 
example, to reduce the antenna sidelobes), amplitude weights can be applied to the digi¬ 
tal output of each element and the weighted signals combined in the processor to produce 
the antenna beam. If a linear phase weight is applied to the digitized signal at each ele¬ 
ment, the antenna beam can be made to appear as if steered to a different angular direc¬ 
tion. In this manner the digital processor can produce a multitude of receiving beams, 
each pointing in a different direction. An antenna beam, of course, is not actually formed 
in space by the processor. The pattern is evident as the variation of the output response 
of the digital signal processor as a function of angle. 

Since the signal-to-noise ratio is established at the digital output of each receiver, 
there is no loss in signal-to-noise ratio when manipulating the digital outputs to form mul¬ 
tiple beams. There can be any number of closely spaced antenna beams formed without 
degradation in SNR. Digital beam-forming, therefore, does not suffer the limitations in¬ 
herent in analog beam forming, which are the low crossover of adjacent beams and the 
loss that occurs when trying to obtain lower peak sidelobes than the -13.2 dB of a uni¬ 
form illumination. 

The operation of the beam former is to take the outputs from each element, apply a 
complex weight (an amplitude and/or phase) to each, and then sum them to provide the 
output signal. The form of this output is similar to a digital Fourier transform (or inverse 
digital Fourier transform). When the phase weights are expressed in terms of the beam 
pointing angle 8 0 , the relative response of the weighted outputs of the /V-array elements 
as a function of the angle 6 is represented as 

N 

g(0,O o ) = y a n s n exp [j2mi{dl\) (sin 9 - sin 0 o )} [9.45] 

n-1 

where a n = weight (amplitude for sidelobe control), s n = output of the nth element, 
d = element spacing, A = wavelength, and 9 0 = direction of the maximum beam response. 
In this manner, M < A multiple beams can be formed. For each of the M beams there is 
a temporal sequence of digital numbers (data) that represent the temporal signals received 
at each beam position. 

The computation of the Fourier transform in real time by the signal processor when 
there are many elements in the array can require a large number of operations per sec¬ 
ond. The computation requirements can be significantly decreased if the fast Fourier trans¬ 
form (FFT) is used. The FFT requires that the number of elements be some integer power 
of 2 (i.e., A = 2 P and p = integer). There is less control of the beam patterns, however, 
with the FFT than if the conventional digital Fourier transform is used. The patterns of 
each FFT beam (in sin 6 space) are the same, the peak sidelobes will be high, and the 
crossover of adjacent beams is predetermined (by the orthogonality constraint) and may 
be lower than desired. Thus with the FFT one trades control of the radiation pattern for 
ease of computation. 
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Two-Dimensional Beam-Forming The above description of digital beam-forming as¬ 
sumed a linear array forming beams in one angular dimension. With a two-dimensional 
rectangular array of M X N elements, beam-forming in two angular dimensions can be 
accomplished with the two-dimensional FFT. An /V-point FFT is taken on each of the M 
rows to obtain N X M outputs. This is followed by an Af-point FFT on each of the /V 
columns to provide M X N beam outputs. 112 

Baseband versus IF Digitizing In any radar the digitizing of the received signal can 
be done either in the IF stage of the receiver or at baseband (zero IF) with I (in-phase) 
and Q (quadrature) channels. The I and Q channels at baseband are obtained in a similar 
manner to that described in Chapter 3 for an MTI radar (Fig. 3.29). It will be recalled that 
the received signal is divided into two baseband channels. The two channels are identical 
except that the phase of the reference oscillator in one differs from the reference phase in 
the other by 90°. The bandwidth of the signals in each of the two baseband channels is 
half that of the signal bandwidth; but two A/D converters are necessary, one in each chan¬ 
nel. The smaller bandwidth of each A/D can sometimes be of advantage as opposed to 
requiring digitizing with the full signal bandwidth in the IF stage. To obtain good per¬ 
formance, the phase difference between the I and the Q channels should not deviate sig¬ 
nificantly from 90°. This requires careful design or some form of feedback control to 
maintain the precise phase relationship between the two channels. The signals in the two 
channels must also be well matched in amplitude. 

Digitizing of the received signal may also be done directly in the IF of the receiver. 
There is only one channel and one A/D converter, so that the problem of balancing the 
phases and amplitudes of the I and Q channels is not present. The A/D converter has to 
be capable of greater bandwidth (sampling rate) than with a baseband I,Q arrangement. 
R Barton 109 states that the minimum sampling rate of an A/D converter in the IF has to 
be 5.4 times the signal (half-power) bandwidth. (The sampling rate has to be greater than 
the theoretical Nyquist rate of 2 X bandwidth because of the need to avoid distortion of 
the signal spectrum caused by the folding of the spectrum around zero frequency.) This 
compares with a minimum sampling rate of 1.4 times the signal bandwidth required for 
each of the two A/D converters of the equivalent baseband implementation. 

A/D Converters The sampling rate and the dynamic range of an A/D converter can set 
limits on what might be achieved in a digital processor. In practical A/D converters the 
greater the sampling rate (bandwidth), the smaller will be the number of bits into which tire 
A/D converter can digitize a signal. In addition, as the bandwidth or number of bits increase, 
the size and cost of the converter can also increase. The limitations of A/D converters are 
practical ones, but their capabilities have been continually improved over the years. Section 
3.5 gives values of the performance of A/D converters, but it is always risky to state in a 
text such as this what the state of the art of such devices might be. The prudent engineer, 
of course, should always consult current manufacturers catalogs for up-to-date information. 

Other Characteristics of Digital Beam-Forming In addition to the attractive aspects of 
digital beam-forming (DBF) array radars mentioned previously in this subsection, the fol¬ 
lowing are further favorable attributes of such radars. 






9.9 Architectures for Phased Arrays 613 

Self-calibration and error correction —Errors in the phase and amplitude that occur 
in the analog portion of the receivers of a DBF can be compensated with relative ease in 
the digital portion. This may be obtained by injecting a precise RF signal at the front- 
ends of each receiver, or by placing an external RF source at a known position in the near 
or far field of the antenna, or by use of the echo signal from a well-defined scatterer of 
the transmitter signal. 110 This precise RF signal is used as the standard to adjust the phase 
and amplitude at each element. 

Low antenna sidelobes —The ability to digitally self-calibrate the array allows the 
potential for achieving low or even ultralow receiving antenna sidelobes after digital pro¬ 
cessing. The effect of mutual coupling can also be compensated. It has been said: 114 “Math¬ 
ematically, the compensation consists of a matrix multiplication performed on the received 
signal vector. This, in effect, restores the signals as received by the isolated elements in 
the absence of coupling. An attractive feature is that this matrix is fixed and thus is valid 
for all desired pattern shapes and scan directions. Although it may be difficult to realize 
in analog form, it can be readily implemented in a digital beam-forming antenna system.” 

Adaptive nulling —The flexibility of a DBF array allows nulls to be placed in the an¬ 
tenna radiation pattern in the direction of noise sources (jammers) so as to reduce the 
noise that enters the receiver. The placement of nulls in a receiving antenna pattern to can¬ 
cel unwanted noise sources that enter via the antenna sidelobes is a well known technique, 
and can be done with much simpler systems than a DBF array. 115 Sidelobe cancellation, 
for example, can be readily achieved with a mechanically scanned reflector antenna and 
a relatively small number of auxiliary elements. But when one has a DBF array radar, it 
can be implemented to cancel noise sources that appear in the antenna sidelobes in a man¬ 
ner different from the conventional sidelobe canceler or a fully adaptive array, and with 
advantages not found in radars that do not have multiple beams. Nulls are achieved in 
“beamspace” by using one or more formed beams properly attenuated to adaptively can¬ 
cel noise sources rather than using one or more omnidirectional elements. 116,117110 If there 
are J noise sources to be nulled, the angular location of each source is found in a con¬ 
ventional manner and J directive beams are then formed to adaptively cancel each source. 
Use of beamspace allows cancellation without disturbance to the main beam or the main- 
beam sidelobes, except in the immediate vicinity of the noise sources. The use of beam- 
space for sidelobe cancellation has not normally been used in the past with conventional 
radar because of the complexity in forming multiple independent beams by other meth¬ 
ods. In a DBF array, however, this is not a consideration since the forming of multiple in¬ 
dependent beams is what such a system normally does anyway. 

Adaptive nulling of clutter as a function of range —Nulls can be formed adaptively 
in those directions where there are large clutter echoes as well as in those directions in 
which there are noise sources. Unlike noise, however, clutter might be limited in range 
(for example, a large mountain or a patch of chaff). In such cases, range-dependent an¬ 
tenna pattern nulls can be formed only around those individual range cells containing lo¬ 
calized clutter or chaff. 

Correction for failed elements 111 —The complete failure of a sufficient number of an¬ 
tenna elements can seriously degrade the performance of a low sidelobe array antenna. It 
has been said 118 that it is possible to compensate, however, for the loss of antenna ele¬ 
ments in a digital beam-forming receive array by using simple linear operations with the 
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outputs of a small group of good elements within the array. By properly utilizing the sig¬ 
nals received at P elements of the array when P signals are received from different inci¬ 
dent directions, it is possible to reconstruct the signal that would have appeared at the 
failed elements, if all of the array antenna elements have the same radiation pattern and 
some other restrictions apply. The technique has been said to work when the incident sig¬ 
nal directions are not precisely known or even when they are only known to be within a 
broad angular sector. 

Flexible data rates —As has been mentioned, the digital beam-forming array which 
looks everywhere can have a data rate that varies with the operational situation. This is 
unlike a conventional rotating radar whose data rate is fixed by the antenna rotation rate 
At long ranges, a high data rate is not as important for an air-defense surveillance radar 
as it is at short ranges where weapons are engaged. Thus a lower data rata can be em¬ 
ployed at long range which means that the integration times can be increased and im¬ 
proved target detection can be obtained without an increase in transmitter power. The flex¬ 
ibility of a DBF array to provide unrestricted data rates is important to a military 
weapon-control radar that should operate with high data rates during an engagement or 
when the target is seen to maneuver. 

Simultaneous multiple functions —In an ubiquitous radar (one which looks everywhere 
all the time with fixed multiple receive beams) that uses digital beam-forming, it is possi¬ 
ble to perform multiple functions simultaneously rather than sequentially. A conventional 
phased array such as Patriot or Aegis, on the other hand, has to time-share its various func¬ 
tions. Sometimes such radars run out of time to perform all the various functions required 
of them, so that some functions with lower priority have to be neglected in favor of more 
important ones. In an air-defense system, for example, priority will go to targets actually 
being engaged by missiles or to the searching for low-altitude pop-up targets, rather than 
to long-range surveillance. The ubiquitous radar with DBF, however, can perform its var¬ 
ious functions simultaneously so long as it doesn’t run out of computer capability. 

Improved noncooperative target recognition —The ability to see everywhere all the 
time with whatever data rate is required is of benefit for those methods of noncoopera¬ 
tive target recognition that depend on an observation time longer than normally needed 
for detection. The imaging of a ship or an aircraft by use of inverse synthetic aperture 
radar, for example, requires that the aspect of the target change sufficiently so that rec¬ 
ognizable doppler-frequency shifts from different parts of the target can be isolated (re¬ 
solved). Time is needed to allow for the target aspect to change, and time is something 
available with a DBF array. Recognition of helicopter targets based on the transient “flash” 
of the rotating blades when they are briefly oriented perpendicular to the radar line of site 
requires that the radar dwell long enough on the target to detect this phenomena. 119 The 
fixed beams of DBF provide this flexibility in target observation time. 

Lower probability of intercept —It is relatively easy for an intercept receiver to de¬ 
tect the radiated signals of conventional radars at long ranges. To reduce a radar’s de¬ 
tectability to a hostile intercept receiver, its peak power should be made as low as possi¬ 
ble. The radiated energy should be spread over a wide angular region, over a long time 
interval, and over a wide frequency band. The ubiquitous DBF array offers the ability to 
spread the radiated energy over a wide angular region, something not possible with a scan¬ 
ning directive transmitting beam. 
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A beam-forming array that produces many multiple beams has capabilities not read¬ 
ily obtained with a conventional radar that employs a mechanically scanning antenna. Dig¬ 
ital beam-forming offers advantages over analog beam-forming in generating multiple 
beams in that the same digital outputs from each array element are reused to readily gen¬ 
erate multiple beams as well as perform other types of spatial and temporal processing. 
Digital processing has increased the feasibility and capability of the ubiquitous radar. 

Examples of Digital Beam-Forming Arrays Digital beam-forming has been employed in 
both HF over-the-horizon radar and in 3D air-surveillance radar. Neither of these appli¬ 
cations employ the full benefits of digital beam-forming arrays as described above, so 
they are not indicative of what might be done with this radar concept. 

The U.S. Navy’s Relocatable Over-the-Horizon Radar (ROTHR), AN/TPS-71, is de¬ 
signed to detect aircraft and ships at ranges from 500 to 2000 nmi. 120 It employs a re¬ 
ceiving linear-array antenna 2.7 km in length with a total of 372 monopole antenna ele¬ 
ments. At each antenna element there is a receiver that converts the signal to an IF 
frequency. The digital outputs of these 372 antenna elements are used to form 16 con¬ 
tiguous receiving beams that can be placed anywhere within the radar’s angular coverage. 
Both spatial processing (beam forming) and temporal processing (doppler filtering and 
matched filtering) are performed with the same digital data from each receiving antenna 
element. 

The SMART 3D radar, developed by Signaal of the Netherlands, is a 3D air- 
surveillance radar with an azimuth-rotating antenna which generates a number of simul¬ 
taneous multiple-beams in elevation to provide a measurement of elevation angle using 
digital beam-forming. The original version of this radar was at S band, a later version was 
at L band. The L band radar formed 16 beams and the 5-band version 14 beams. 


9.10 MECHANICALLY STEERED PLANAR ARRAY ANTENNAS 

Mechanically steered planar arrays offer important advantages not available with con¬ 
ventional reflector antennas in some radar applications. They have been employed at the 
lower radar frequencies (VHF) for air-surveillance applications, at microwave frequencies 
for 3D radars which need to obtain a measurement of target elevation angle, in airborne 
radars that operate from the nose of the aircraft, in missiles, civil marine radars, and in 
low-sidelobe antennas such as used for AWACS. The large number of elements in an ar¬ 
ray aperture allows better control of the aperture illumination and therefore, better con¬ 
trol of the antenna radiation pattern. 

Mechanically Rotating Arrays for Air Surveillance The first radar antennas developed by 
the United States in the 1930s, such as the Army’s 100-MHz SCR-270 and the Navy’s 
200 MHz CXAM were mechanically steered phased arrays. At these low radar frequen¬ 
cies, it was natural to use planar arrays of dipoles since they were consistent with the com¬ 
munications antenna technology of that time. Also, they were well suited for the VHF fre¬ 
quencies at which the early radars operated. As radar frequencies increased, the parabolic 
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reflector was introduced since it was simpler than a planar array when there had to be a 
large number of dipoles. The German World War II Wurtzberg radar that operated at 
550 MHz employed a parabola. The first U.S. microwave air-defense radar, the S-band 
SCR-584, also used a parabolic reflector. The parabolic reflector was well-known in op¬ 
tics, and it was not difficult to translate its technology and theory from optics to microwave 
frequencies. 

The early air-surveillance radars were 2D in that they measured azimuth angle and 
range, but not elevation angle (or height). When pencil-beam 3D radars (such as the 
AN/SPS-39) first appeared in the 1950s to obtain elevation angle, they originally used a 
parabolic cylinder antenna with a line feed. These were followed by planar arrays (as in 
the AN/SPS-48) consisting of rows of slotted waveguides to obtain multiple beams in el¬ 
evation. These otiginal 3D systems utilized frequency-scanned phased arrays to electron¬ 
ically steer one or more beams in one angular coordinate (elevation). The other angle co¬ 
ordinate was obtained by mechanically rotating the entire antenna 360° in azimuth. 

Almost all modem 3D air-surveillance radars employ a planar array antenna of some 
type that is mechanically steered in azimuth and which uses some form of electronic steer¬ 
ing or beam-forming in elevation. Mechanical rotation is satisfactory for the air-surveil¬ 
lance application since it is not necessary to have rapid beam switching among many tar¬ 
gets as it is in the weapons control application. The mechanically rotated planar array not 
only provides a convenient means for obtaining electronic steering in elevation, but the 
availability of many elements in the antenna also provides more flexibility in achieving 
the desired radiation pattern. 

Mechanically Steered Slotted Planar Arrays 121 123 This type of planar array antenna is 
widely used for radars mounted in the nose of an aircraft. An example is shown in Fig. 
9.40. Such antennas are common for military radars used in fighter and attack aircraft, 
airborne weather radar, and for missiles. An important advantage of this type of antenna 
for application in the nose radome of an aircraft is that it can be made relatively thin. This 
allows a larger diameter antenna to be mechanically scanned within an aircraft’s nose 
radome than is possible with a relatively thick parabolic antenna and a feed that projects 
a distance from the reflector surface. 

Microwave planar array antennas generally employ radiators that are slots cut into 
waveguide, a simple example of which was shown in Fig. 9.31c. They may be edge slots 
cut into the narrow wall or slots cut into the broad wall. The use of slots cut into the nar¬ 
row wall allows the rows of an array to be spaced closer than if they were cut into the 
broad wall. The slot is the so-called Babinet equivalent of the dipole. Its pattern resem¬ 
bles that of a dipole, except that a vertical slot radiates horizontal polarization and a ver¬ 
tical dipole radiates vertical polarization. The waveguide feed structure lies directly be¬ 
hind the radiating slots of the array antenna. 

There are two basic methods for structuring a series-fed mechanically scanned slot¬ 
ted waveguide radiator. One is called the standing wave, or resonant, configuration. The 
other is the traveling wave, or nonresonant, configuration. The spacings between elements 
in a resonant array is half a guide wavelength. (The guide wavelength is the wavelength 
measured in the waveguide rather than in free space.) The beam is broadside to the aper¬ 
ture, but the half-wavelength spacing between elements means that impedance mismatches 
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Figure 9.40 Mechanically steered planar array antenna for the AN/APG-68 airborne radar 
found on the F-16 aircraft. 

I (Courtesy Northrop Grumman Corp.) 


at the elements can accumulate and cause a high VSWR (large mismatch). This results in 
restricting the number of elements in a linear array to less than 20, 124 which might be too 
low for most radar applications. Resonant arrays also have narrow bandwidths. The non¬ 
resonant array usually has an element spacing greater than half a guide wavelength and so 
does not experience the high VSWR or the -narrow bandwidth of the resonant array. The 
waveguide of the nonresonant array, however, has to be terminated with a matched load to 
absorb the fraction of the input power that is not coupled to the other elements. The amount 
of power lost because of the matched load is about 5 to 10 percent of the power at mid¬ 
band. 121 Thus the array efficiency will be less than unity. (If the array is not well matched, 
a portion of the signal can be reflected from the termination and radiate as a high sidelobe 
in some spurious direction.) The direction of the peak of the beam radiated by a series-fed 
nonresonant array varies with frequency; similar to a frequency-scan array, but much less 
dramatic. With a wavelength A, the beam is directed at an angle 9 given by 

sin 9 = X/X g — XI2d [9.46] 

where A g = guide wavelength, and d = element spacing. Yee and Voges 123 state that in 
most nonresonant slot arrays, 2d is selected to be greater than X g so that the angle of the 
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beam will move toward the load-end of the array as the frequency is increased. The fre¬ 
quency dependence of the beam direction might need to be taken into account in some 
applications. 

The mechanically scanned planar array can be designed to provide monopulse beams 
in two angular coordinates. 

Endfire Arrays In the above we have considered the array that radiates its main beam 
perpendicular (broadside) to the aperture. It is also possible to radiate a beam parallel to 
the aperture. These are known as endfire array antennas. If we consider the dipole as the 
radiating element, it must be oriented so that its element pattern allows radiation in the 
endfire direction, and the spacing between elements and the phase shift at each element 
allow propagation in the endfire direction. For example, the spacing between elements in 
an equal-amplitude linear endfire array fed from one end might be a quarter-wavelength, 
with phase shifts of 7t/2 radians between elements, to give an antenna pattern with most 
of its energy oriented in one endfire direction. In this example, the phase is retarded pro¬ 
gressively by the same amount as that experienced by the traveling wave from one ele¬ 
ment to the next. (A phase retardation of 0.6-77 radians actually produces a higher direc¬ 
tivity for this endfire antenna, according to the Hansen-Woodyard criterion, as mentioned 
by Kraus. 125 ) 

The Yagi-Uda antenna, which originated in Japan, is a simple and inexpensive ex¬ 
ample of an endfire array. It consists of a single driven dipole plus several spaced paral¬ 
lel rods that form an endfire array. Fig. 9.41. Each rod may be thought of as a short- 
circuited dipole. The rod located behind (to the left of) the driven dipole acts to reflect 
the energy to the forward direction. One or more spaced rods in front of the driven dipole 
direct the energy forward. The rods are known as either reflectors or directors. The re¬ 
flector might have a length of about a half-wavelength and be spaced a quarter-wavelength 
behind the driven dipole. The directors are slightly smaller (by about 10 percent) with 
spacings about a third of a wavelength. 

Endfire antennas can be arrayed and have been used in radars, especially at VHF and 
UHF. An example is the antenna for the E2C Airborne Early Warning radar (that was 
shown in Fig. 3.45a). An advantage of the endfire antenna for this application is that a 
narrower beamwidth can be obtained in the vertical dimension without the need for a large 
vertical aperture. The beamwidth of an endfire antenna in the dimension orthogonal to its 


Figure 9.41 Sketch of a 
Yagi-Uda endfire antenna. (The 
mechanical mount is insulated 
from the dipoles.) For radar 
application they have been used 
in a linear array configuration; 
one example is that of the 
E2C AEW radar shown in 
Fig. 3.45a. 
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longitudinal axis is proportional to the square root of the antenna length, as compared to 
a conventional broadside antenna where the beamwidth is directly proportional to the an¬ 
tenna size. 

Rotating Electronically Steered Phased Arrays At times it has been suggested 126,127 that 
a single face of an electronically steered phased array be mechanically rotated in azimuth 
but electronically steered in azimuth and elevation. Whether the single rotating phased ar¬ 
ray is an attractive alternative to a four-faced fixed phased array depends on the particu¬ 
lar application and the assumptions that are made. Caution should be exercised, however, 
when considering this approach since in some cases it is conceivable that a rotating sin¬ 
gle phased array face might provide the worst attributes of both the phased array and the 
mechanically rotated antenna rather than the best of both. The mechanically trainable 
phased array, described next, is different and has some important operational advantages. 

Trainable Phased Arrays A trainable phased array is one which is electronically steered 
in both azimuth and elevation over a wide angular sector, but which is mounted so as to 
be mechanically positioned to cover a desired sector. (Once in position it remains fixed 
rather than continuously rotated.) It is a convenient method for using an array for missile- 
range instrumentation. An example is the transportable C-band AN/MPS-39 MOTR (mul¬ 
tiple object tracking instrumentation radar) developed by Lockheed-Martin at Moorestown, 
N. J. (shown in Fig. 4.1b). The 12-ft-diameter space-fed lens array with 8359 elements is 
mounted on a precision elevation-over-azimuth tracking pedestal so as to achieve cover¬ 
age of a 60° cone anywhere within the full hemisphere. Its beamwidth is one degree and 
its measured antenna gain is just under 46 dB. In missile range applications, many targets 
might have to be tracked simultaneously; including the firing aircraft, the target missile 
or drone, surface-to-air missiles, air-to-air missiles, and other aircraft that might be on the 
range (range safety). The MOTR can simultaneously track up to 10 targets with an ab¬ 
solute angle accuracy of 0.2 mils rms and a range accuracy of 1 yd rms. Prior to such 
radars, a separate air-surveillance radar and more than one mechanical tracking radars had 
to be used. 

The trainable phased array is also of advantage for ship air-defense when the agility 
of a phased array is needed. Traditionally, when a phased array is used on board a naval 
ship (for example, the 5-band Aegis system, or the U.S. Navy’s original 5-band AN/SPS- 
33 phased array radar system), there are four planar array faces mounted around the ship 
to provide 360 degrees of all-around coverage. Although the designer might want to con¬ 
figure the phased array so that all four apertures can operate simultaneously, the need to 
reduce the cost of such radars has sometimes resulted in having only one or two trans¬ 
mitters and receivers time-shared among the four array apertures. This might result in ac¬ 
ceptable performance, but it is less than what could be obtained if the four faces were 
able to simultaneously operate all the time. 

An alternative method for configuring an air-defense phased array radar system when 
four complete phased array faces are too costly (or even when they are not), is to employ 
two trainable arrays instead. An example used by the Russian navy on Cruisers is the 
trainable array radar shown in Fig. 9.42 which is known by its NATO nomenclature as 
the Top Dome SAN-6, or by its Russian/Soviet name of RIF. In a Russian Navy Cruiser, 
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Figure 9.42 Soviet/Russian electronically 
scanned trainable phased array pulse doppler 
radar whose Russian name is RIF. Its NATO 
designation is Top Dome and is part of the 
SAN-6 shipboard surface-to-air missile system. It 
is said to employ row-and-column beam steering. 
The antenna assembly includes a hemispherical 
radome. In addition to the main phased array 
there is a wide-angle phased array for 
acquisition of the surface-to-air missiles just after 
launch. 



one Top Dome radar is located fore and a second one is located aft. (A truism is that if 

something is important to have on a naval ship—such as a gun, missile system, or radar_- 

there ought to be at least two of them to insure that one is available when needed.) The 
two trainable array radars can cover attacks simultaneously within any two 90° sectors. 
An important advantage with this configuration is that one or more attacks from within a 
single 90° sector can be engaged by both radars simultaneously. A four-face phased 
array, on the other hand, can bring only one array face to bear to defend against such an 
attack. 

Two trainable phased arrays cannot engage a multiple simultaneous attack from more 
than two 90° sectors. The likelihood of this being a serious concern is small. The ability 
to mount a simultaneous attack from three different directions over 360° in azimuth is 
certainly possible, but having all targets appear simultaneously at the target ship from 
different directions is very difficult to do. If they are not simultaneous, the ship’s air- 
surveillance radar with 360° of azimuth coverage can be expected to detect and recognize 
such attacks and the two trainable arrays can be scheduled to engage them without over¬ 
lap. Also, it is seldom that a major naval ship that carries an expensive phased array radar 
for air defense operates by itself; so if there is a large multiple attack, one ship does not 
have to handle the total attack all by itself. Thus employing trainable phased arrays of¬ 
fers advantages not found with the traditional four-faced phased array system. 


9.11 RADIATION-PATTERN SYNTHESIS 128 

A radar antenna radiation-pattern is required to have a specified beamwidth along with ac¬ 
ceptably low sidelobe radiation. In some cases, the antenna radiation pattern must provide 
a desired contour, or shape, over a specified angular region. An example is the cosecant- 
squared elevation pattern of an air-surveillance radar. The aperture illumination for the 
squinted beams of an amplitude-comparison monopulse tracking radar, on the other hand, 
must have a suitable sum pattern with low sidelobes, as well as a suitable difference 
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pattern with low sidelobes and a large slope at beam crossover. This section reviews some 
of the methods available to the radar antenna designer to achieve the radiation patterns 
necessary to produce the desired radar performance. 

As was mentioned previously in Sec. 9.3, the radiation pattern is determined by the 
distribution of current across the aperture. We have called the distribution of current the 
aperture illumination. Equation (9.10) gave the (electric field strength) radiation pattern 
E{4>) of a linear one-dimensional antenna in one angle-coordinate 6 as the inverse Fourier 
transform of the aperture illumination A(z). Similarly the radiation pattern of a two- 
dimensional planar antenna is given as a two-dimensional inverse Fourier transform of its 
aperture illumination. We shall first consider the problem of obtaining a desired main- 
beam pattern with acceptable low sidelobes and then the problem of obtaining shaped ra¬ 
diation patterns. 

Obtaining a desired antenna pattern is slightly different for a continuous aperture 
(such as a reflector) than a phased array that consists of many individual elements. One 
can sometimes approximate the continuous (reflector) aperture illumination with a dis¬ 
crete (array) aperture illumination, and vice versa. The discussion of antenna patterns in 
this section is done chiefly for a linear one-dimensional aperture or for rectangular aper¬ 
tures where the illumination is separable; that is, A{x,z) = A(x)A(z). When the illumina¬ 
tion for an array is considered, the array is assumed to have uniformly spaced isotropic 
elements with element spacing generally taken to be half-wavelength. The radiating ele¬ 
ments of a real array are not isotropic but have some element pattern E e (9). If the desired 
array antenna pattern is E d (6), the pattern to be found is E d ( 0)/E e ( 9) when using a tech¬ 
nique based on the assumption that the elements are isotropic. 

Patterns with a Desired Beamwidth and Low Sidelobes Obtaining a pencil-beam or a fan- 
beam radiation pattern is not usually a synthesis problem. Instead, the patterns obtained 
from various aperture illuminations are calculated and a suitable one is selected. Table 9.1 
in Sec. 9.3 lists a number of antenna patterns for several types of aperture illuminations 
that can be expressed in analytical form. These were considered in the past since their an¬ 
alytical form permitted the corresponding radiation patterns to be readily calculated. With 
modern computers, however, using aperture illuminations just because they are readily in¬ 
tegrated is no longer necessary. Thus these aperture illuminations are not now generally 
used. The table is useful in that it illustrates how the maximum gain, beamwidth, and 
maximum sidelobe level vary with change in shape of the aperture illumination. The more 
tapered the aperture illumination (that is, the more rapidly its amplitude falls off as a func¬ 
tion of the distance from the center of the aperture) the lower will be the sidelobe level, 
but the lower will be the antenna gain and the wider will be the beamwidth. In practice, 
other aperture illuminations, such as Taylor illuminations, are usually used rather than 
those given in Table 9.1. 

Taylor Aperture Illumination For a specified maximum sidelobe level, the antenna pat¬ 
tern which has all of its sidelobes equal produces the narrowest beamwidth (where the 
beamwidth is measured by the angular distance between the first nulls that define the main 
beam). This is known as a Dolph-Chebyshev pattern since it was first shown by C. L. 
Dolph, a mathematician working at the U.S. Naval Research Laboratory during World 
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War II, who based it on equating the Chebyshev polynomial to the polynomial describ¬ 
ing the pattern of an array antenna. 129 In spite of its desirable properties, the Dolph- 
Chebyshev pattern is seldom used for radar antennas since it is unrealizable with arrays 
containing other than a small number of elements. As the antenna size increases, the cur¬ 
rents required at the ends of the aperture become nonmonotonic and large compared with 
the currents along the rest of the aperture. More of a restriction is the fact that these large 
currents are required to occupy a very narrow spatial region at the ends of the aperture, 
too narrow to be obtained with an actual antenna. This inability to achieve the theoreti¬ 
cal aperture illumination sets an upper limit to the size of an antenna that can have a 
Dolph-Chebyshev pattern and therefore sets a lower limit to the width of the main beam 
that can be achieved. 

A realizable approximation to the Dolph-Chebyshev aperture illumination was de¬ 
vised by T. T. Taylor. 130 The Taylor aperture illumination, as it is known, has been widely 
used for radar antennas. It produces a pattern with equal-amplitude sidelobes of a speci¬ 
fied value, but only in the near vicinity of the main beam. Unlike the equal-sidelobe level 
of the Dolph-Chebyshev pattern, the sidelobes of the theoretical Taylor pattern are of uni¬ 
form amplitude only within an angular region <j> defined by 

|(Z)/A) sin (f>\ < n 

where n = integer, D = antenna dimension, and A = wavelength. With a linear aperture, 
the sidelobes decrease as 1/sin 0 with increasing angle 0 outside this region (similar to 
the fall-off of a pattern with a uniform illumination). Hence n divides the sidelobes into 
a uniform region, which straddles the main beam, and a decreasing sidelobe region. The 
number of equal sidelobes on each side of the main beam is equal to n — 1. The integer 
Ji usually a small number. (Sometimes it is difficult to observe either on a calculated 
or an actual antenna pattern a region of equal sidelobes in the vicinity of the main beam, 
yet they are a part of the theoretical Taylor pattern.) The beamwidth of a Taylor pattern 
will be broader than that of a Dolph-Chebyshev. If the Taylor design sidelobe level is -25 
dB, a value of n = 5 gives a beamwidth almost 8 percent greater than the theoretical 
Dolph-Chebyshev. With n = 8, the beamwidth is 5.5 percent greater. 

The Taylor pattern is specified by (1) the peak design sidelobe level and (2) the value 
of iz. The integer n can take on only a small range of values for a given design sidelobe 
level. Taylor states that Ti must be at least 3 for a-design sidelobe of -25 dB and at least 
6 for a design sidelobe of -40 dB. The larger the value of it the sharper will be the beam. 
On the other hand, it cannot be too large since the same realizability difficulties will arise 
as with the Dolph-Chebyshev. A suitable criterion for obtaining a realizable Taylor pat¬ 
tern is to choose an illumination that decreases monotonically from the center out to the 
ends of the aperture and has a zero derivative at the ends of the aperture. The illumina¬ 
tion need not be zero amplitude at the ends but can have a finite value (a pedestal). Tay¬ 
lor showed that a distribution with a pedestal, or nonzero value at the edges, is more ef¬ 
fective in producing low sidelobes. 

A rough guide to the selection of the parameter n has been given by Hansen. 
For example, when the aperture illumination is monotonic, he states that the value of 
n equals 5 for a peak sidelobe of -25 dB, 9 for a peak sidelobe of -35 dB, and 11 
for a peak sidelobe of -40 dB. The aperture efficiencies for these three examples are, 
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respectively, 0.91, 0.82, and 0.77. (Hansen later added that the maximum value of h for 
a mono tonic illumination is 17 for a peak sidelobe of -50 dB and 23 for a peak sidelobe 
of —60 dB. 132 ) Thus care must be exercised in the selection of the sidelobe level and the 
value of n for a Taylor pattern. Although the Taylor pattern was developed as a realizable 
approximation to the Dolph-Chebyshev, in practice it seldom resembles the theoretical 
equal-sidelobe pattern. 

Taylor aperture illuminations can also be obtained for a circular aperture. 133 Figure 9.43 
illustrates the nature of the Taylor circular aperture illumination and their corresponding ra¬ 
diation patterns. (This is from an Institute for Defense Analyses report 134 that was not widely 
circulated, but some of the information appears in the IEEE AP-S Transactions. 135 ) Shown 
in Fig. 9.43a are four circular-aperture antenna patterns with the same half-power beamwidth, 
70A/D, but with different values of the Taylor n parameter varying from 3 to 15. As n in¬ 
creases, the peak sidelobe decreases. From these patterns it would appear that one would 
want to select a large value of n. There is a problem with this, however, as can be seen from 
their corresponding aperture illuminations in Fig. 9.43b. One might be able to realize the re¬ 
quired aperture illumination for n = 3, and might even be able to roughly approximate the 
illumination for n = 7. But at the higher values of n = 10 and 15, it is not likely that one can 
achieve the necessary aperture illuminations at the edge of the aperture. 

There have been several other methods for selecting the aperture illumination for a 
conventional antenna pattern, as can be found in many of the texts 74-136 on antennas; but 
the Taylor seems to have been the most popular for radar applications. 

Bayliss Illumination 137,138 Difference patterns are used in monopulse tracking radars 
along with the sum pattern, as was mentioned in Chap. 4. It has been said before in this 
text that the sum pattern which produces maximum gain is of the form (sin u)/u, and is 
obtained with a uniform aperture illumination. The symbol u = tt(D/X) sin 9, where 
D = aperture dimension and A = wavelength. If one forms a difference pattern by start¬ 
ing with a uniform aperture illumination and subtracting one half of the aperture from the 
other half (that is, A(x) = -1 for -D/2 < x < 0, and +1 for 0 < x < +D/2), then the 
difference pattern is proportional to (1 - cos u)lu. The peak sidelobe is 10.6 dB below 
the peak of the beam, which is relatively high. The optimum illumination for a difference 
pattern (one that produces maximum slope, or minimum error) is linear-odd over the aper¬ 
ture. That is, the aperture illumination is a straight line that passes through zero at the 
center of the aperture and has a maximum (say, for example, +1) at one edge and a min¬ 
imum (—1) at the other edge. Its peak sidelobe of —8.3 dB is even worse than that of the 
uniform-illumination difference pattern. When a single aperture illumination is used to 
obtain both the sum and difference patterns, an aperture illumination has to be found which 
represents a suitable compromise for the gain of the sum pattern, the peak sidelobes of 
both patterns, and the slope of the difference pattern. A better approach, when permitted, 
is to use an antenna which can support independent sum and difference patterns. 

When the difference pattern of a monopulse antenna can be selected independently 
of the sum pattern, as in a phased array, the criterion is to obtain the maximum angle ac¬ 
curacy commensurate with a desired sidelobe level. The Bayliss illumination has been 
popular for this purpose. It is based on the same principles as the Taylor illuminations. 
As with the Taylor, the Bayliss illumination 13 ' depends on the peak sidelobe level and the 
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Figure 9.43 

(a) Taylor circular 
aperture radiation 
patterns each having 
a beamwidth in 
degrees of 70A/D, 
but with different 
values of n. (b) The 
corresponding 
aperture 

illuminations for the 
patterns of (a). 

(From W. White 134 
Courtesy Institute for 
Defense Analyses.) 
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number (n — 1) of equal sidelobes. Similar restrictions apply on the selection of these two 
parameters as with the Taylor illuminations. 

The Bayliss difference pattern has also been applied to circular apertures, and can be 
found in any one of several antenna books, including those authored by Mailloux, 74 
Hansen, 69 and by Elliott. 136 

Shaped Antenna Patterns In the above, we have considered aperture illuminations for ob¬ 
taining suitable radiation patterns when a pencil beam or a simple fan beam was required. 
Sometimes it is necessary to form shaped antenna patterns where the patterns are wide 
compared to the minimum beamwidth (approximately A ID radians) that can be obtained 
with an aperture of dimension D. An important example is the cosecant-squared beam dis¬ 
cussed in Sec. 2.11. Other examples are a “square-top” pattern and an elevation pattern 
with a sharp cutoff at the horizon to minimize surface reflections. 139 In this subsection, we 
briefly describe two methods for synthesizing such patterns. 128 The methods for finding 
the aperture illumination to achieve some desired pattern are similar to the methods for 
finding the filter frequency response function to produce a desired time waveform. 


Fourier Synthesis Since the antenna pattern is, in theory, given by the inverse Fourier 
transform of the aperture illumination [as in Eq. (9.10)], the aperture illumination required 
to achieve a desired antenna pattern can be found by taking the Fourier transform of the 
desired pattern, which is 


sin <f)j ri(sin <f>) [9.47] 

where the symbols are the same as described for Eq. (9.10). The limits of the integration 
actually are finite since | sin (f >! <1. The Fourier transform is such that when the angu¬ 
lar region is finite the Fourier transform of A(z) is infinite. Since we have only a finite 
aperture, the actual radiation pattern will only be approximate, and can be shown to be 140 


Mz) 


J [ E(<p) expf—j2rr 


E a (<f>) = ^ 

A 



sin [7r(P/A)(sin eft - sin g) 
7Tt79/A)(sin 4> - sin £) 


d(sin f) 


[9.48] 


where E a (4>) is the Fourier-integral pattern which approximates the desired pattern E(4>) 
when A(z) is restricted to a finite aperture of. dimension D. The angle £ is the variable of 
integration. The approximation to the antenna pattern obtained on the basis of the Fourier 
integral for continuous apertures (or the Fourier-series method for discrete array anten¬ 
nas) has the property that the mean-square deviation between the desired pattern E(<f>) and 
the approximate pattern E a {<j>) is a minimum. The larger the aperture, the better will be 
the approximation. 

The Fourier series may be used to approximate the pattern of a discrete array, just as 
the Fourier integral may be used to approximate the pattern of a continuous aperture. The 
Fourier series method is restricted in practice to arrays with element spacing in the vicin¬ 
ity of a half-wavelength. Spacings larger than a wavelength produce undesired grating 
lobes. Spacings much smaller than a half-wavelength result in so-called “supergain” ra¬ 
diation patterns (beamwidths much smaller than A ID radians) that are not realizable since 
they are a consequence of an overly simplified model of radiation. 
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Woodward-Levinson Method This is the spatial-domain analogy to the well-known 
sampling theorem for temporal signals. The classical sampling theorem for time wave¬ 
forms states: A band-limited signal s(t) with no frequency components greater than B Hz 
is determined by its amplitude at a series of points spaced 1/2B apart in time. The anal¬ 
ogous sampling process applied to an antenna is that the radiation pattern E(cb) from an 
antenna with a finite aperture D is determined by a series of amplitudes spaced in angle 
A ID apart. Figure 9.44a shows a pattern and the sampled points A/D radians apart. 
The sampled values E s {nXID\ which determine the antenna pattern are shown in b. An 
antenna pattern EM ) can be constructed from the sample values E s (n\JD) using a 
pattern of the form (sin u)/u about each of the sample values, where u = tt(D/X) sin 6. 
The (sin u)lu pattern is called the composing function. The antenna pattern is given by 


(N- 1)/2 

EM) = X 

„ = -(N- 1)/2 


sin 1 TtiPI A)(sin <j> - nXID)] 
s 11 7 r(D/A)(sin <b — nA/D) 


[9.49] 


Figure 9.44 (a) Radiation pattern £(</>) with sampled 

values A/D radians apart in angle, where A = 
wavelength and D = aperture dimension; (b) sampled 
values E s {n\/D), which specify the antenna pattern of 
(a); (c) reconstructed pattern E a [4>) using (sin u)/u 
composing function to approximate the desired 
radiation pattern £(</>). 
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where N is the total number of samples, assumed to be odd. Thus the antenna pattern is 
constructed from a sum of individual (sin u)/u patterns spaced AID radians apart, each 
weighted in amplitude according to the sample values E s (nA/D), as illustrated in Fig. 9.44c. 
The aperture illumination corresponding to the radiation pattern of Eq. (9.49) is 

1 ( N - 2)/2 

A (z) = 77 ^ EJjiXID) exp (—jlmiz/D) [9.50] 

U n = -(N-l)/2 

The difference between the Woodward-Levinson method and the Fourier-integral syn¬ 
thesis method is that the former gives an antenna pattern which exactly fits the desired 
pattern at a finite number of points and the latter gives a radiation pattern whose mean- 
square deviation from the desired pattern is a min imum 

Cosecant-Squared Antenna Pattern This is an antenna with its beam shape proportional 
to the cosecant-squared of the angle in one plane (usually in elevation) and with a con¬ 
ventional narrow beam in the orthogonal plane. The original reason for using an antenna 
pattern whose elevation pattern was proportional to esc 2 0 e was to obtain an echo signal 
that did not vary with range so long as the target flew at a constant altitude and the earth 
could be assumed to be flat (Sec. 2.11). Many air-surveillance radars have been designed 
with such an elevation pattern. An even more important reason for using a cosecant-squared 
elevation pattern is that it allows the radar to provide coverage of targets at high altitudes 
and shorter ranges much more efficiently than would a conventional fan-beam antenna 
pattern. In most modem air-surveillance radars, the coverage is modified even further to 
allow for the curvature of the earth and to provide more radiation at high elevation angles 
and short range than would be obtained with a cosecant-squared pattern . 141 This addi¬ 
tional coverage at high angles is necessary to compensate for the reduction in gain at short 
ranges caused by the use of sensitivity time control (STC). With STC the receiver gain is 
reduced at short ranges to attenuate the large clutter echoes that might appeal'. The cose¬ 
cant-squared pattern, or a slight variation, has also been important for airborne surface- 
surveillance radars that must provide relatively uniform coverage of the surface. 

The methods available for designing shaped beams, such as the Woodward-Levinson 
or the Fourier integral, can be applied to obtain the aperture illumination required for a 
cosecant-squared pattern or its variations. The cosecant-squared pattern may be approxi¬ 
mated with a reflector antenna by modifying the shape of the reflecting surface. For ex¬ 
ample, the upper half of a parabolic reflector can be a parabola that reflects energy from 
the feed at its focus in a direction parallel to the axis of the parabola axis—as in any other 
parabolic reflector. The lower half, however, is distorted (tilted slightly forward) to direct 
a portion of the radiated energy in the upward direction. This is a very simple method, 
which can be adequate for some applications. 

A cosecant-squared antenna pattern may also be obtained by (1) feeding a parabolic 
surface with two or more horns, (2) a linear array, (3) a parabolic cylinder fed by a lin¬ 
ear array or a line source, or (4) a point-source feeding a reflector surface with double 
curvature. An example is the antenna for the U.S. Air Force’s AN/TPN-19 S-band Airport 
Surveillance Radar which employed an offset paraboloid reflector fed from 12 feedhoms 
in a vertical line-feed with the uppermost feedhom located at the focal point of the 
paraboloid. 
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Loss in Gain The gain of a cosecant-squared antenna will be less than the gain of a con¬ 
ventional antenna from which it was derived. A very approximate estimate of the reduc¬ 
tion in gain for such an antenna is given as 

ficsc _ _ §0 _ __ _1_ . 

G 8 0 + sin 2 9 0 (cot 9 0 — cot 9 m ) 2 - 8 0 cot 9 m ' 51 ^ 

where G = the gain of a rectangular antenna pattern of width 0 O that radiates uniformly 
from (9 = 0 to 0 = 9 0 , and G csc = gain of the cosecant-squared antenna. The radiation de¬ 
creases proportional to esc 2 6 from 9 0 to 9„„ the maximum angle at which the cosecant- 
squared pattern is applied. (There is no radiation beyond 9 m .) The approximate expres¬ 
sion on the right of Eq. (9.51) applies for small 6 0 and large 9 m . (In addition, the assumption 
that the beamwidth 9 0 is that of a rectangular-shaped beam can also affect the accuracy 
of this expression.) For example, if 6 0 = 6° and 9 m = 20°, the gain of the cosecant-squared 
antenna is decreased by 2.2 dB compared with a rectangular beam 6° in width. A modi¬ 
fied cosecant-squared pattern to allow for the coverage of the earth and to account for the 
action of the STC will have even lower gain. 

Theoretical and Actual Antenna Patterns The discussion of theoretical antenna patterns in 
this section was based on the Fourier transform relationship between the antenna pattern and 
the aperture illumination. It has been widely accepted and widely used, but it has limitations. 
The Fouxier transform relationship applies fairly well to the main beam of the antenna and 
to the region near the main beam. It is less accurate the farther one goes in angle from broad¬ 
side, and it does not faithfully account for energy radiated near or beyond ±90°. 

In a reflector antenna the spillover radiation from the feed, blockage by the feed or 
feed supports, the radiation diffracted by the reflector, and any leakage through a mesh 
reflector surface are not accounted for by the Fourier transform. The far-field pattern of 
any antenna also is affected by nearby structures or other obstructions that can block or 
diffract the energy radiated by the antenna. The blockage of an antenna by a mast on a 
ship, for example, might result in a —40 dB peak sidelobe being increased to as high as 
— 15 to —20 dB or greater. Errors in the phase and amplitude across an antenna aperture 
due to either mechanical or electrical inaccuracies will increase the far-out sidelobe lev¬ 
els over what is predicted from the classical Fourier transform relationship. This is a sub¬ 
ject that will be described next. 


9.12 EFFECT OF ERRORS ON RADIATION PATTERNS 

Experimentally measured patterns of actual antennas often deviate from the theoretically 
calculated pattern, especially in the region of the far-out sidelobes. Generally, the fault 
does not lie with the theory, but in the fact that it is not possible to reproduce precisely 
the necessary aperture illumination specified by synthesis theory. There are small, but 
ever-present, errors in the fabrication of the antenna and in how it is fed. These contribute 
unavoidable perturbations in the apeiture illumination and result in a pattern different in 
detail from the one expected. 
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Errors in the aperture illumination may be either systematic or random. The former are 
predictable (usually), but the latter are not and can only be described in statistical terms. Ex¬ 
amples of systematic errors include (1) aperture blocking by the feed and its supports in a 
reflector antenna, (2) mutual coupling among the elements of an array, (3) quantization lobes 
due to the discrete value of the phase in a digital phase shifter, (4) spurious lobes due to 
mismatch in a constrained feed for an array, and (5) periodicities introduced in an antenna 
during the manufacturing process. Random errors include (1) errors in the machining or 
manufacture of the antenna due to the finite precision of construction techniques, (2) the 
precision with which a phase shifter can be set to its required phase, (3) errors incurred in 
adjusting an array, (4) random distortions of the antenna surface, and (5) mechanical and 
electrical (phase) variations caused by temperature gradients or wind (and in some cases 
gravity) across the antenna. Although random errors throughout the antenna may be rela¬ 
tively small, their effect on the sidelobes (which are also small) may be relatively large com¬ 
pared to the small levels of the sidelobes. Systematic errors do not differ much from one 
antenna to another in any particular design constructed by similar methods. Random errors, 
on the other hand, can differ from one antenna to the next even though they may be of the 
same design and are constructed similarly. The effect of random errors, therefore, must be 
discussed in terms of statistical averages found over many similar antennas. 

When no specific guidance is available, the antenna designer often assumes that the an¬ 
tenna should radiate a wavefront that differs in phase from the desired wavefront by no more 
than ± A/16, where A = wavelength. Because of the two-way propagation from a reflector 
surface, the mechanical accuracy of a reflector antenna surface must be held within ±A/32. 
As we shall see, it is possible to obtain more precise criteria for antenna errors, especially 
when low or ultralow sidelobes are desired. Most of the discussion of errors in this section 
will concern random errors rather than systematic errors. (If the systematic errors are known, 
their effect on the antenna pattern can be ascertained by taking the Fourier transform of the 
actual aperture illumination, including the effects of systematic errors.) The discussion of the 
effects of random errors in reflectors is separated from the effects of errors in phased arrays. 


Random Errors in Reflector Antennas The classical work on the effects of random errors 
on antenna patterns was due to the pioneering efforts of John Ruze. 142 For small phase 
errors he showed that the gain G of a circular aperture with mean-square phase-error <5 2 
is approximately 

G = G 0 exp [—5 2 ] = pJ/nD/A) 2 exp [-(4n-e/A) 2 ] [9.52] 

where G 0 is the gain of the antenna without errors; the phase error <5, in radians, is with 
respect to the mean phase plane; p a is the aperture efficiency; D is the diameter of the cir¬ 
cular antenna; and e is the rms error of the reflector surface in the same units as the wave¬ 
length A. In the above, the expression 4 ttAJX 2 (discussed early in this chapter) was sub¬ 
stituted for the gain G 0 . For a given reflector size D, the gain increases as the square of 
the frequency when the errors are small, until the exponential term becomes significant. 
Differentiating Eq. (9.52), setting it equal to zero, and solving for wavelength gives the 
wavelength at which the maximum gain is obtained for an rms error e, which is 


A = 4-7re 


[9.53] 
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At this wavelength, the gain will be 4.3 dB below what it would have been in the absence 
of errors. The maximum gain of an antenna due to phase errors is then 


G„ 


Pa 

43 



[9.54] 


For wavelengths shorter than A m , the gain drops off rapidly with decreasing wavelength 
(increasing frequency). 

The gain of a reflector antenna is limited by the mechanical tolerance to which its sur¬ 
face can be constructed and maintained when in operation. The most precise antennas, un¬ 
der benign, controlled conditions, seem to be limited in practice to a precision of about 
one part in 20,000. From Eq. (9.54) the diameter of such an antenna is about 1600 wave¬ 
lengths for maximum gain. Its beamwidth would be 0.04° and it would have a gain of about 
68 dB. Special purpose nonradar antennas have been constructed with slightly better tol¬ 
erances, but these generally have some means for measuring the antenna surface and cor¬ 
recting the surface automatically with feedback control while the antenna is operating. Such 
antennas are operated in controlled environments that may not be suitable for operational 
radar applications. In practice, therefore, radar antennas are seldom larger in dimension 
than approximately 300 wavelengths, which corresponds to a beamwidth of about 0.2°. 

The construction tolerance of a reflector antenna is often described by its “peak” er¬ 
ror, rather than its rms error. The ratio of the peak to the rms error is found in practice to 
be about 3:1. This truncation of errors occurs since large errors are usually corrected dur¬ 
ing manufacture. 

With small phase errors the exponential factor in the gain expression of Eq. (9.52) 
can be approximated by 

G K G 0 (l -5 2 ) [9.55] 

If the loss in antenna gain is to be less than 1 dB, this simple expression says that the rms 
phase variation about the mean phase surface should be less than 0.45 radian, or 26°. This 
is equivalent to an rms distance error of A/14. For shallow reflector antennas, however, 
the two-way propagation path requires that the rms deviation of the surface from its true 
value be one half this value, or A/28, for a 1 dB reduction of gain. 

Ruze showed that under certain conditions the radiation pattern of a reflector antenna 
which is distorted by a large number of gaussian-shaped “bumps” can be expressed as 

G(0,<£) = G o (0,<!>)e + (2ttC/A)V 52 f e -<” Cu/ U 2/n [9.56a] 

«=l n\n 


where C is the correlation distance of the error (the size of the region on the aperture 
where the errors cannot be considered independent) and u in this case is sin 9. The coor¬ 
dinate system for this equation is the classical coordinates of antenna theory, as was shown 
in Fig. 9.4, with the antenna lying in the x,y plane. The error current in one region of the 
antenna (the correlation distance) is assumed independent of error currents in other re¬ 
gions. The size of the correlation distance affects both the magnitude and the direction of 
the spurious radiation that results from the presence of errors. For small error, when only 
the first term of the series (n = 1) need be considered, Eq. (9.56a) becomes 
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G{0,4>) = G 0 {d,$)e- S2 + (2 7rC/ \) 2 8 2 e ~( wCm/a )’ [9.56b] 

The first term of the above equation [as well as Eq. (9.56a)] represents the no-error pat¬ 
tern reduced by a factor dependent on the mean-square phase error. The second term rep¬ 
resents the average value of the sidelobes that are generated by the phase errors (not the 
average of the peaks, but the average). Near the main beam the sidelobes are determined 
mainly by the inverse Fourier transform of the aperture illumination [Eq. (9.10)], but even¬ 
tually these drop below the error sidelobes and at angles far from the main beam the er¬ 
rors determine the sidelobe level. When the error sidelobes are dominant, the average side- 
lobe level is independent of angle. 

Other observations about errors in reflector antennas are: 

1. Ruze’s original analysis 143 showed that the error sidelobes are proportional to 
the mean-square error and to the square of the correlation distance measured in 
wavelengths. 

2. If errors are unavoidable, they should be kept small in extent; that is, for the same 
mechanical tolerance, the antenna with the smaller correlation distance will give lower 
sidelobes than an antenna with a larger correlation distance. An error stretching most 
of the length of the antenna is likely to have a worse effect than a localized bump or 
dent of much greater amplitude. Thus small disturbances such as screws and rivets 
on the reflector surface will have relatively little effect on the antenna radiation 
pattern. 

3. An increase in frequency increases both the phase errors and the con-elation distance 
(measured in wavelengths). Therefore the gain of a constant-area antenna does not 
increase as rapidly as the square of the frequency when errors are a factor. 

Since the radiation pattern in the far-out sidelobe region is more likely to depend on 
the accuracy with which the antenna is constructed rather than the particular aperture il¬ 
lumination selected, the mechanical engineer, the skilled machinist, and technician are 
very important in realizing in practice a satisfactory antenna pattern. 

Errors in Arrays In the above analysis of reflector-antenna errors, only the effect of the 
phase errors were considered. In an array antenna, however, other factors may enter to cause 
degradation of the radiation pattern. These include errors in the amplitude and phase of the 
current at each element of the array, missing or inoperative elements, rotation or translation 
of the element from its correct position, errors in the phase provided by the phase shifter, 
effects of a quantized phase shift, and variations in the individual element patterns because 
of mutual coupling. These errors can result in a decrease in antenna gain, increase in side¬ 
lobe level, generation of spurious sidelobes, and a shift in the location of the main beam. 

It is not possible to predict the pattern of an antenna unless the actual errors experi¬ 
enced by that particular antenna are known. The average, or expected, value of a radia¬ 
tion pattern of an ensemble of antennas of the same type can be computed based on the 
rms values of the random errors. The statistical description of the radiation pattern can¬ 
not be applied to any particular antenna of the ensemble, but applies to the entire collec¬ 
tion of similar antennas whose errors are described by the same statistics. Usually the av¬ 
erage pattern is computed, but other statistical descriptions can be obtained if desired. 
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Average Radiation Pattern Due to Errors The ensemble-average radiation intensir 
pattern of a uniform array of M by N isotropic elements arranged on a rectangular msa 
with equal spacing between elements is given by 

1/(0,<£)l 2 = P;e- s2 \f 0 (OM 2 + 

where 

P e = probability of an element being operative (or the fraction of elements 
that remain operating) 

8 = phase error, radians (described by a gaussian probability density 
function) 

\fo(0,(f))\ 2 = no-error pattern 

A = relative amplitude error (as a fraction of i„ m ) 
i mn = no-error current at the ninth element 


1 + A 2 


IP, - Pie"* 


IB 

m= 1 n — \ 


19.57] 


Similar to the error pattern of a reflector antenna discussed earlier [Eq. (9.56)], the first 
term is the no-error pattern reduced by a factor which depends on the phase errors and 
the fraction of operative elements. The second term represents a statistical average side- 
lobe level due to the phase and amplitude errors and the fraction of elements that are op¬ 
erating. It also depends on the aperture illumination as given by the currents i mn . This sec¬ 
ond term is independent of angle, and can be thought of as a statistical omnidirectional 
pattern which we shall call the error sidelobes. This second term causes the far-out side- 
lobes of the radiation pattern to be higher in the presence of errors as compared to the 
no-error pattern; but the shape of the main beam and the near-in sidelobes are not signif¬ 
icantly affected by these errors, other then by the exponential term which is usually small. 
[Sometimes the rms error in amplitude is expressed in dB. When in dB it is not the mean 
square value which is in dB, but the value of [1 - (A 2 ) 1/2 ] z . For example, an rms ampli¬ 
tude error of 0.1 is equivalent to an error of 0.9 dB.] 

If p e = 1 (no missing elements) and if the errors are small, the normalized radiation 
intensity obtained by dividing Eq. (9.57) by the maximum radiation intensity at the cen¬ 
ter of the main beam, |/ 0 (0,0)| 2 , is 


\f(6M 2 ~ \/M>f + iA 2 + 8 2 ) ( 


IB 


2 

mn 


IB 


[9.58] 


The second term indicates that the larger the number of elements, the smaller will be the 
error-sidelobe level. The main-beam intensity, being coherent, increases as the square 
of the number of elements, while the error sidelobes, being noncoherent, increase only 
directly with the number of elements. The gain of a broadside array of isotropic ele¬ 


ments is 



[9.59] 
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When i mn = constant, G 0 = MN, which states that the gain of an array of isotropic ele¬ 
ments with uniform illumination is equal to the total number of elements. The normal¬ 
ized pattern of Eq. (9.58) then can be expressed as 



I m4>)\ 2 ~ \foMH 2 + A ~ + g2 [9.60] 

Go 

The average error-sidelobes is given by the second term. The greater the antenna gain, the 
less will be the effect of errors on the sidelobes. [Sometimes the denominator of the sec¬ 
ond term of the above equation is given as 77G 0 , where tt is the gain of the so-called 
“ideal” element factor.] 

The component parts of the normalized ensemble-average pattern as given by Eq. 
(9.60) are sketched in Fig. 9.45. The ordinate is in dB. The horizontal line shown G 0 (in 
dB) below the peak of the main beam is the radiation that would be produced by an 
isotropic antenna with the same power output as the directive antenna. The horizontal line 
shown G 0 /( A 2 + S 2 ) (in dB) below the peak is the average value of the error sidelobes, 
which is independent of angle. The error sidelobes have little effect near the main beam, 
but they are the dominant factor affecting the far-out portion of the radiation pattern. The 
measured sidelobes of any actual array antenna, of course, would not be constant as shown 
in this figure. Instead they would have the usual shape expected of sidelobe radiation, but 
their ensemble-average value would be constant with angle. 


Gain Reduction By substituting the radiation intensity of Eq. (9.57) into the definition 
of gain (or directivity) of Eq. (9.3), it can be shown that 


G/G 0 = 


_Pe _ 
(1 + A 2 ) exp (S 2 ) 


Pe _ 
1 + A 2 + 8 2 


[9.61] 


This states that the relative reduction in gain is independent of the number of elements 
and depends only on the fraction of elements that are operative and the mean-square value 


Figure 9.45 Qualitative sketch of the 
no-error radiation pattern and the 
average error-sidelobe level, as indicated 
by Eq. (9.60). 
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of the relative-amplitude and phase errors. When P e — 1 and A — 0, this expression, which 
applies for small phase errors, is similar to that of Eq. (9.55) for the reflector antenna. 


Pointing Error Random phase and amplitude errors in the aperture illumination can give 
rise to an error in the pointing of the main beam. 145,146 If the aperture illumination is uni¬ 
form across an M by M square array, the statistical rms beam pointing error in radians is 


80 o = 


_ \/3(t 

2rr(d/\)M 2 


[9.62] 


where a = rms value of the normalized error current assuming Rayleigh distributed er¬ 
rors, d - element spacing, A = wavelength, and M = number of elements along one di¬ 
mension of a square array. According to this expression, the effect of errors on the beam¬ 
pointing accuracy generally is small. 


Error-Sidelobe Statistics In the above we have considered the average value of the error 
sidelobes. The radar system engineer, however, is often more concerned about the peak 
sidelobe level rather than the average. The actual peak value cannot be predicted, but it 
can be described on a statistical basis. Usually one wants to determine (or specify) the 
probability that a sidelobe will not exceed a particular desired value. The approach out¬ 
lined here is taken from James K. Hsiao. 147,148 He described three methods for finding 
the effect of errors on the peak sidelobe. These assume that the statistics of the radiation 
pattern with errors can be described by the Rice probability density function, something 
we have used in Sec. 2.5 when discussing the statistical detection of a signal in noise. Al¬ 
though all three methods are similar, we shall consider here only the second that he de¬ 
scribes in his paper. 

From the Rice cumulative probability of sidelobe level, Hsiao obtains a set of curves, 
shown in Fig. 9.46, for various values of the cumulative probability P that range from 
0.90 to 0.98. This figure relates the peak sidelobe level (abscissa) and the amplitude and 
phase errors of the array (ordinate). The abscissa is actually the ratio of the design side¬ 
lobe level to the desired sidelobe level in dB. (The design sidelobe level is always less 


Figure 9.46 Curves for determining the rms 
amplitude error a s and the rms phase error a^, 
as a function of the ratio of the design sidelobe 
level to the desired sidelobe level (abscissa) for g 
various values of the cumulative probability P that 3- 
the sidelobes will be less than the design O 

sidelobe level. 

The parameter D = Y /„ m /(desired sidelobe + 
level), where i mn is the amplitude of the current at 
the mnth element. w 

I (Due to James Hsiao, taken from refs. 147 and 148.) 
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than the desired sidelobe level.) The ordinate in Fig. 9.46 includes a factor D, as well as 
the phase and amplitude rms errors. Hsiao defines D as 

D = ^ V Q„/(desired sidelobe level) [9.63a] 

n m 

where i nm is the amplitude of the current at the ninth element, as determined by the de¬ 
sired aperture illumination. It is assumed that the illumination function i nm is normalized 
such that ^ V i nm = 1 ■ Following Hsiao, we consider the example of a 100-element lin- 

n m 

ear array designed with a Chebyshev aperture illumination to provide equal sidelobes 
-40 dB below the maximum value of the main beam. (As said before in this chapter, the 
Chebyshev pattern with such low sidelobes is likely to be unrealizable. It is used here to 
illustrate the procedure.) The design sidelobe level is then —40 dB. In this example we 
wish to keep the peak sidelobe of the array to a value no greater than —37 dB (the de¬ 
sired sidelobe) with a probability of 0.90. The ratio of the design sidelobe level to the de¬ 
sired sidelobe level (the abscissa of Fig. 9.46) is -3 dB. With an abscissa of -3 dB and 
a probability P = 0.90, we find the ordinate of Fig. 9. 46 to be -14 dB. The aperture il¬ 
lumination for the 40 dB sidelobe Chebyshev pattern results in Vi“ = -19 dB. The value 

n 

of D is then -19 + 37 dB = 18 dB and the sum of the mean square amplitude and phase 
errors is — 29 dB. If the phase and relative amplitude errors are made equal, then the rms 
phase tolerance is 1.44° and the rms (relative) amplitude tolerance is 0.025, or 0.22 dB. 
Such tolerances are quite demanding and not easy to achieve. A plot is shown in Fig. 9.47 
of the no-error —40 dB Chebyshev pattern along with a pattern where there are errors 
that give sidelobes with a cumulative probability of 90 percent that they will not exceed 
-37 dB. 

If the design sidelobe level were -45 dB instead of -40 dB, and the desired side¬ 
lobe level were still —37 dB, one would find that the tolerance would be 2.6° for phase 
and 0.045 for amplitude. These are also quite demanding, but not as much as with the 
higher value of design sidelobe. 


Figure 9.47 The design no-error Chebyshev 
pattern for a 100-element linear array with a 
-40 dB design sidelobe is shown along with the 
resulting desired pattern due to errors when 
P 0.9, desired sidelobe level 37 dB, rms 
amplitude error <x, 5 = 0.025, and rms phase error £ 
<To = 1.44°. S 

1 (Due to James Hsiao, taken from refs. 147 and 148.) .2 
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These are relatively tight tolerances. They result from not only requiring a low side- 
lobe level, but also because there are only a relatively few antenna elements (100 in this 
example of a linear array). The tolerances for a large planar array would be easier to 
achieve. As an illustration, Hsiao shows that a planar array with a directive gain of 40 dB 
desired sidelobe of —40 dB, design sidelobe of —43 dB, and a probability of 0.9 that the 
sidelobes will not exceed the desired value results in an rms phase tolerance of 6.6° and 
an rms amplitude tolerance of 0.12. If the design sidelobe were reduced to —48 dB, the 
rms phase tolerance becomes 12.3° and the rms amplitude becomes 0.21. 

When using a lower design sidelobe to ease the error tolerances, a price has to be 
paid. The lower design sidelobes result in an increase in the antenna half-power beamwidth 
and an even larger increase in the width between the first nulls of the antenna pattern. Al¬ 
ternatively, a larger aperture is required if the beamwidth is to remain constant. 

A slightly different approach to determining the error tolerances required for keep¬ 
ing the sidelobes below a specified value was given by Cheston and Frank. 149 

Effect of Digital Phase Shifter Quantization 150,151 Phase shifters, whether analog or dig¬ 
ital, will usually have a phase shift that is not exactly what one thinks has been set. There 
will always be some error, and its effects on the antenna pattern can be determined by the 
equations given in the above subsection. The deliberate quantization of phase that results 
with the use of digital phase shifters, however, introduces a different type of “error” in 
the desired aperture illumination, and produces pattern degradation similar to that pro¬ 
duced by a random error. 

Reduction in Gain The gain of an array antenna duejo phase errors can be obtained from 
Eq. (9.61) by setting P e — 1, A 2 = 0, and assuming <5 2 is small, which results in 

G = G 0 (l - S 2 ) = G 0 (l - J~2nj [9.63b] 

The right-hand portion is obtained by assuming that the phase error of a digital phase 
shifter of B bits is described by a uniform probability density function (Sec. 2.4) that ex¬ 
tends over an interval ± tt! 2 b . From Eq. (9.63b) a three-bit phase shifter causes a reduc¬ 
tion in gain of 0.23 dB and a four-bit phase shifter has a gain reduction of 0.06 dB. Thus, 
on the basis of the loss in antenna gain caused by digital phase quantization, a three- or 
four-bit phase shifter should be satisfactory for most purposes. 

Increase in Sidelobes In addition to a reduction in main-beam gain, the quantization 
of the phase in digital phase shifters can result in an increase in the rms sidelobe level. 
With the assumptions that (1) the energy lost by the reduction in main-beam gain shows 
up as an increase in the rms sidelobe level, (2) the element gain is the same for the main 
beam and the sidelobes (within the region of space scanned by the array, (3) an allowance 
of one dB for the reduction in gain due to the aperture illumination, and (4) one dB for 
scanning degradation; then the sidelobe level due to phase quantization is 

5 

rms sidelobe level ~ [9.64] 

2 2b N 
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where N = total number of elements in the array. If an array has 4000 elements, a three- 
bit phase shifter would give rms sidelobes of 47 dB below the main beam, and a four-bit 
phase shifter gives —53 dB sidelobes. Thus three or four bits should be sufficient for most 
large arrays, except when very low sidelobes are desired. 


Peak Quantization Sidelobe The above assumed a random distribution of phase error 
across the aperture for the puipose of computing the rms sidelobe level. The actual phase 
distribution with digital phase shifters, however, is likely to be periodic which gives rise 
to spurious quantization lobes, similar to grating lobes but with smaller amplitude. Peak 
sidelobes sometimes are of more concern to the radar system engineer than are the rms 
sidelobes. The peak quantization lobe relative to the main beam when the phase error has 
a triangular repetitive distribution is 

peak quantization lobe = 1/2 2B [9.65] 

This applies when the main beam points close to broadside and there are many radiator 
elements within the period of quantized phase error. The position 0 q of the quantization 
lobe in this case is 


sin 0 CJ ~ (l - 2 b ) 6 0 


[9.66] 


where 0 O is the angle to which the main beam is steered. 

Equation (9.65) is an optimistic estimate for the peak lobe. The greatest phase quan¬ 
tization lobe is said to occur when the element spacing is exactly one half the phase quan¬ 
tization period or an exact multiple thereof. With an element spacing of one-half wave¬ 
length, the quantization lobe will appear at sin 9 q ~ sin 6 0 - 1, and will have a value of 


T7 2 1 

peak quantization lobe ~ — 


COS By 

cos 6 0 


[9.67] 


The peak sidelobes due to the phase quantization of the digital phase shifter can be sig¬ 
nificant. Attempts should be made to reduce them if their presence is objectionable. One 
method for reducing the peak sidelobe is to randomize the phase quantization. A constant 
phase shift can be inserted in the path to each element, with a value that differs from el¬ 
ement to element by amounts that are unrelated to the bit size. The added phase shift is 
then subtracted in the phase command sent to the phase shifter. (With a space-fed array, 
such as the lens array or the reflectarray, decorrelation is inherent in the array geometry.) 


Beam-Pointing Error The maximum pointing error A 9 0 due to quantization, accord¬ 
ing to C. J. Miller 151 is 


A 0 O = 9 b ~ ~ [9.68] 

where 0 B is the beamwidth. A four-bit phase shifter, for example, allows an angle error 
of A9 0 /6 b = 0.05. Small steering increments are possible with quantized phase shifters. 
A linear array of 100 elements, for instance, can be steered in increments of about 0.01 
beamwidth with three-bit phase shifters. 149 
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9.13 LOW-SIDELOBE ANTENNAS 

The highest sidelobe of an antenna pattern is usually, but not always, the first sidelobe ad 
jacent to the main beam. A conventional reflector antenna might have a maximum side 
lobe of about 23 to 28 dB below the peak of the main beam. Sidelobes much lower than 
-35 to -40 dB with conventional reflector antennas are difficult to obtain by normal meth 
ods. There are some radar applications, however, that require much lower sidelobes An 
example is the airborne high-prf pulse doppler radar, such as AWACS that was discussed 
in Sec. 3.9. A high-prf radar sees many multiple-time-around clutter echoes that enter the 
radar receiver through the antenna sidelobes. Such sidelobe clutter can be large enough to 
limit the performance of an airborne doppler radar. It was the need for a low-sidelobe an¬ 
tenna for AWACS that led Westinghouse (now Northrop Grumman) radar antenna engi¬ 
neers to be the first to successfully demonstrate in the mid-1960s sidelobes almost three 
orders of magnitude lower than was the practice with conventional antennas. A low-side¬ 
lobe antenna is also helpful in combating hostile noise jamming that enters the receiver via 
the sidelobes. It also aids in combating antiradiation missiles (ARM) that home on the 
radar’s radiation, and in making more difficult the task of a hostile intercept receiver. Low 
sidelobes, however, come with a price. Such antennas need to be more precise, are more 
complex, their beamwidth is widened, and they have to operate in a clear environment. 

Table 9.2 lists typical performance of low-sidelobe antennas as given by Evans and 
Schrank. 1:12 (In their paper, the authors state that “it is probably possible to do 5 dB bet¬ 
ter with tuning of phase and amplitude during the test.” I have taken the liberty to add 
this 5 dB to the numbers that originally appeared in their paper.) The phased arrays in this 
table are not scanned in angle. 

There has been no generally accepted definition of what are low sidelobes. Schrank 153 
proposed that low sidelobes be defined as from -30 to -40 dB and that ultralow side¬ 
lobes be below -40 dB. These values probably should be lower. One might consider an¬ 
tennas with sidelobes of the order of -40 dB to be low, and antennas with -50 dB or 
lower to be ultralow sidelobe antennas. 

The peak sidelobe is not always a good measure of the difficulty involved in obtain¬ 
ing low sidelobe levels. The larger the antenna gain, the easier it is (relatively) to obtain 
low sidelobes. A better measure of the difficulty for an antenna engineer to achieve low 
sidelobes is how far the peak sidelobe level is below the isotropic value, which we take 


Table 9.2 Performance of Low-Sidelobe Antennas 


Type of Antenna 

Peak Sidelobe 

RMS Sidelobe 

Bandwidth 

Slotted waveguide 

-50 dB 

-60 dB 

10% 

Corporate-fed array 

-45 dB 

-55 dB 

60% 

Reflector 

-45 dB 

-55 dB 

60% 


I Adapted from Evans and Schrank, Ref. No. 152, Microwave Journal. 
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here to be the level which is 1 /G 0 down from the peak, where G 0 = antenna gain. Low 
or ultralow sidelobe antennas might have peak sidelobes from 10 to 20 dB below isotropic. 
Thus if an antenna has a gain of 30 dB, its sidelobes might be made as low as —40 to 
—50 dB. From the second term of Eq. (9.60) it can be seen that the mean square error 
A 2 + <f must be small compared to the desired peak sidelobe level times the antenna gain 
G 0 . Thus the larger the gain the larger can be the errors for a given sidelobe level relative 
to the main beam. 

To achieve low sidelobes, an antenna must (1) employ an aperture illumination that 
will theoretically provide the required sidelobe level and be practical to implement, (2) 
be constructed and maintained with high precision, and (3) have no blocking of the aper¬ 
ture by nearby structures. Both array antennas and reflector antennas can be made to have 
low sidelobes, but it is easier to do with an array than with a reflector. 

Low-Sidelobe Aperture Illuminations The Taylor aperture illumination, discussed in Sec. 
9.11, has often been used for obtaining low sidelobe antenna patterns. It will be recalled 
that the Taylor illumination is characterized by a parameter n, such that the first n — 1 
sidelobes closest to the main beam are equal. Beyond the nth sidelobe, the sidelobe level 
decreases. For a circular aperture, the Taylor far-out sidelobes fall off as (sin 6) 3/2 . As 
was mentioned in Sec. 9.11, the parameter n must be chosen so that the aperture illumi¬ 
nation is realizable. 

Figure 9.48, from a report by Warren White, 154 is an example of how the normalized 
beamwidth /I of a Taylor pattern varies with the peak sidelobe level and the parameter n 


Figure 9.48 Normalized 
beamwidth p versus the 
sidelobe level and the value 
of n, where the half-power 
beamwidth 0 S = /3A/D. 

I (From White . 154 Courtesy 
' Institute for Defense Analyses.) 
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for a continuous circular aperture. The half-power beamwidth is 0 B = (3 (A ID). The curve 
for h = oo applies for the Chebyshev illumination, which is not realizable. Comparing a 
pattern with n = 5 and a —25 dB sidelobe level with a pattern having n = 15 and a 
-60 dB sidelobe level, the half-power beamwidth increases by a factor of almost 1.4 when 
lowering the sidelobes level from —25 dB to the level of — 60 dB. The null width of the 
Taylor distribution increases even faster; over the same range of sidelobe levels, the null 
width increases by a factor of about 1.9. Thus one of the costs of low sidelobes is that 
the beamwidth increases as the sidelobe level is decreased. The gain also decreases with 
decreasing sidelobes. If the same beamwidth is to be maintained as the sidelobes are low¬ 
ered, the antenna aperture must be increased in size. 

Previously, Fig. 9.43 in Sec. 9.11 illustrated that the Taylor aperture illuminations are 
not always realizable because of the difficulty in obtaining the required shape of the cur¬ 
rents at the edges of the aperture. The value of n must be chosen appropriately in order 
to achieve a pattern that is practical. A suitable criterion for selecting a realizable Taylor 
illumination is that it have a monotonically decreasing illumination, the slope at the edge 
of the aperture should be zero, and it should not turn positive. Ludwig 155 states that for 
a circular aperture the value of h should be no greater than 7 for — 40-dB sidelobes, 11 
for -50-dB sidelobes, and 16 for -60-dB sidelobes. The value of n should also not be 
too small. It should be at least 3 for — 30-dB sidelobes and 4 for -40-dB sidelobes. 156 
[Note these values of n for a circular Taylor aperture-illumination differ slightly from those 
given in Sec. 9.11 for a line-source Taylor illumination.] 

Achieving the Low-Sidelobe Pattern In the above we indicated it is necessary to obtain 
an aperture illumination that can be implemented. In addition, the desired illumination 
must be maintained. The phase and amplitude tolerance on the aperture illumination must 
be determined, as in the previous section. As was indicated with the discussion of Fig. 
9.47 in the previous section, the required error tolerances can be quite demanding. 
Schrank 153 points out that for a low-sidelobe array antenna, one must control the sys¬ 
tematic errors and the mutual coupling in addition to the random errors. Mutual coupling 
can be compensated by appropriate computer-aided design. Systematic errors must be con¬ 
trolled by careful fabrication and serious attention to tolerances. Systematic errors gener¬ 
ally affect the near-in sidelobes and can generate spurious lobes. Random errors, as we 
have seen, affect the far-out sidelobes. According to Schrank, it is the random errors that 
ultimately limit the ability to obtain low sidelobes. 

Blocking or Masking of the Aperture The low-sidelobe antenna must be located in a 
clear environment in order to maintain the low sidelobes. Any obstruction in front of the 
antenna can alter the radiation pattern and result in an increase in sidelobes. Obstructions 
can include nearby buildings and trees. The need to operate in a clear environment is why 
the AWACS antenna (Fig. 3.45b) is located well above the fuselage of the aircraft that 
carries it. It is difficult to avoid the blockage caused by the tail, but the antenna is high 
enough to minimize the effects of the aircraft structure and the engines. The antenna is 
mounted in a rotodome that rotates in synchronism with the antenna, so that the antenna 
always sees the same radome environment. 
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A classic example of the effect of aperture blocking on antenna sidelobes is that 
caused by the masts and other superstructure on a ship. 157 No matter how low the side- 
lobes of an antenna might be in free space, when a mast is situated so as to block a por¬ 
tion of its radiation, the sidelobes can increase considerably. Blockage of a shipboard radar 
antenna can be avoided by mounting the antenna at the top of the mast. This is something 
that can be accommodated during the design of a new ship, but it is difficult to mount a 
heavy antenna at the top of a mast on an old ship which very likely has used up all of its 
margin for topside weight and moment. 

There are two factors that cause the sidelobes of an antenna to increase when block¬ 
age occurs. One is that a part of the beam has been masked, which is equivalent to hav¬ 
ing a part of the aperture illumination excised. In other words the effective aperture illu¬ 
mination has been modified. The other effect is that the obstruction can scatter the radiated 
energy in new directions, so that target echoes or clutter echoes might appear as false tar¬ 
gets in an erroneous direction. The radar thinks the scattered echo is in the direction at 
which the main beam points at the time, when the energy is from some other direction 
because it was scattered by the mast. Shaping of the mast or covering it with absorbing 
material can reduce the scattering that produces false echoes, but it does not reduce the 
distortion of the pattern caused by excising part of the radiated energy. 

It is usually difficult to avoid degradation to the sidelobes and the main beam by 
blockage of a mast. Masts are often of steel, but masts made of dielectric will also cause 
similar blockage effects. The mast is often modeled as a cylinder for purposes of calcu¬ 
lating its scattering effects, but actual shipboard masts are much more complex than sim¬ 
ple cylinders. One method to avoid aperture blocking is to employ a four-face phased ar¬ 
ray antenna distributed around the ship so that none of its faces look into a mast. Even 
this is not perfect, however, since the ship’s superstructure or deck might intercept part 
of the beam when the ship encounters large pitch or roll angles because of sea condi¬ 
tions. 158 ’ 159 

Effect of a Radome on Sidelobes The phase and amplitude of a signal can change when 
propagating through a radome, and can limit how low the antenna sidelobes can be. The 
periodicity of a metal space-frame geodesic dome precludes its use with very low side- 
lobe antennas. A air-inflated “bag” of thin dielectric material will allow lower sidelobes 
than can the space-frame geodesic dome. An airborne radar antenna located in the nose 
of an aircraft behind an aerodynamically shaped radome also can inhibit achieving low 
sidelobes. The radar designer does not have much control over this type of airborne radome 
since its first priority is to maintain structural integrity and conform to aerodynamical re¬ 
quirements. In addition, the radome must be able to withstand bird strikes, rain erosion, 
and lightning strikes. For lighting protection the antenna might be enclosed in a cage of 
metal rods. A radome can cause phase and amplitude changes in the radiated wave that 
result in loss and distortion. Energy that is scattered by the inner surface of the radome 
can result in a sidelobe that is known as the radome flash. In some cases 160 the peak value 
of the radome flash was found to be of tire order of 40 dB below the main beam. Thus it 
can be more difficult to achieve low sidelobes with an antenna inside a radome. The ef¬ 
fect the radome can have on an antenna pattern must be determined and corrected if low 
sidelobes are to be achieved. It should be kept in mind that the effects of a radome mounted 
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above the fuselage can be successfully handled, as it was with the impressive low- 
sidelobe antenna and radome employed on AWACS. 

No-Sidelobe Array In the quest for a low-sidelobe antenna, it might be asked what would 
an antenna be like if there were no sidelobes whatsoever. Such an antenna pattern can be 
produced by a linear array with half-wave spacing and with element currents given by the 
coefficients of the binomial expansion. This no-sidelobe pattern is attributed to J. S. Stone 
who obtained patents for it in the late 1920s. Leon Ricardi 161 gives its beamwidth as 
0.975AW - 1) 1/2 rad and its directive gain as i .11 N m , where N is the number of elements. 
Although this antenna has no sidelobes it has a very fat main beam (the radiated energy 
has to go somewhere), the ratio of the current at the centei of the array aperture to the 
current at the edge element is quite large for values of N that may be of interest, and its 
gain increases only as the square root of the apertuie size. The currents at the elements 
of a nine-element binominal array, for example, are proportional to 1, 8, 28, 56, 70, 56, 
28, 8, 1. The ratio of the current at the center to that at the edge is 70 to 1. For many rea¬ 
sons,'the antenna with absolutely no sidelobes produces poor patterns and is not some¬ 
thing that a radar engineer should aspire to use as a design goal. 

It has been said that the gaussian antenna radiation pattern can be used to approxi¬ 
mate the pattern of a no-sidelobe binomial illumination when the number of elements in 
the binomial array is greater than five and if the standaid deviation ^of the gaussian pat¬ 
tern is made equal to (LA/8) 1/2 , where L is the antenna dimension. 162 

Examples of Low-Sidelobe Antennas The first low-sidelobe antenna was for the 
AN/APY-1 S-band radar that was the basis for the AWACS (ESA) airborne warning and 
control system. 152 As was mentioned, an antenna with exceptionally low sidelobes was 
needed for such an application in order to limit the large clutter echoes that might entei 
the receiver via the antenna sidelobes. The antenna, Fig. 9.49, consisted of 30 slotted 
waveguides, called sticks. These were fed from one end (series fed). The antenna was 24 
ft (7.3 m) in width and 5 ft (1.5 m) in height, and was enclosed in a rotodome that was 
mechanically rotated in azimuth at 6 rpm. It is a rugged antenna, as is needed to main¬ 
tain the mechanical tolerances. 

Slotted Array The series-fed slotted array, of which the AWACS end-fed array was an 
example, is well suited as a low-sidelobe antenna since the slots provide a convenient 
means for achieving the necessary aperture illumination. The slots can be milled with pre¬ 
cision computer-controlled machines, the structure can be made mechanically sturdy, and 
there is no blockage of the aperture as would be the case with a conventional reflector 
antenna. To achieve the desired low sidelobes, the mutual coupling between the slots in 
each stick and the coupling between sticks must be properly taken into account. The slots 
may be in the broadwall or the sidewall of the waveguide slots. (The AWACS antenna 
used sidewall slots.) Sidewall slots must be tilted at an angle in order to achieve coupling 
of energy from the waveguide. The tilt of the slots causes cross-polarized radiation, which 
must be surpressed in some system applications. Periodic errors due to the introduction 
of the necessary phase reversals in adjacent slot radiators (in order to provide the neces¬ 
sary phase in a traveling-wave waveguide array) must also be suipressed. 
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Figure 9.49 Slotted-array low-sidelobe antenna for the AWACS, AN/APY-1 radar. 
I (Courtesy Northrop Grumman Corp.) 


The end-fed, or any series-fed. slotted array is usually not of wide bandwidth since 
the direction of the radiated beam will squint (change angle) when the frequency is 
changed. With a narrowband signal this is not a serious problem since the direction the 
beam points relative to the antenna is known and can be compensated accordingly when 
extracting the angle measurement. When a wideband signal, however, is radiated by such 
an antenna, the beam will broaden, or smear. If a wide signal bandwidth is required in a 
low-sidelobe antenna, the corporate-fed array can be used. 

Corporate-Fed Planar Array Operation over a wide bandwidth can be obtained with a 
corporate-fed array if equal path lengths are used connecting the antenna input to each el¬ 
ement of the array. With equal path-lengths, changes in frequency do not cause changes 
in phase between the radiating elements, as they do in a series-fed array. The feed net¬ 
work of the corporate-fed array is not as simple as that of a series-fed array. There are 
couplers and branch lines in each path to the radiating elements, and they must be ex¬ 
ceptionally precise in order to achieve the precision aperture illuminations required for 
low sidelobes. The use of dielectrics in such a feed system should be kept to a min imum 
since they can produce a phase change with a change in frequency. Strip transmission 
lines, with the strips supported by a minimum of dielectric, can be employed if their power 
handling is satisfactory. The precise tolerances and complexity of the corporate-fed array 
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can result in greater cost and complexity than the series-fed slotted array, but this is the 
price that has to be paid to have low sidelobes with wide bandwidth. Because of its greater 
complexity, Table 9.2 indicates that the corporate-fed array is more likely to have higher 
sidelobes than the slotted array. 

Electronically Steered Low-Sidelobe Arrays It is more difficult to achieve low side¬ 
lobes when the array must be electronically steered. (The wide vertical beamwidth of the 
AWACS antenna can be steered electronically over a limited range of elevation angles 
but this is different from an antenna that scans over wide angles in both azimuth and el¬ 
evation.) Phase shifters introduce error and if they are digital, they must contain a large 
number of bits in order to suppress spurious sidelobes. The phase shifters might have to 
have six to eight bits rather than the three to four bits acceptable for antennas with con¬ 
ventional sidelobe levels. The effects of mutual coupling are more difficult to correct since 
mutual coupling will change when the antenna beam is electronically scanned. Arrays 
made up of subarrays also can produce periodic errors that can result in high sidelobes. 
Subarrays, especially large ones, can be a problem when low sidelobes are desired. 

The additional cost of low-sidelobe phased arrays has been examined by W. Patton. 163 
Based on analyzing three different arrays, each with 40 dB directive gain, but with side¬ 
lobes differing by steps of 6 dB, he concluded that the cost of building a phased array in¬ 
creased about 2.3 percent for each dB the sidelobe level is reduced when the size of the 
array is held constant and about 3.2 percent for each dB of sidelobe reduction when the 
antenna beamwidth is held constant. 

FASR, an Electronically Steered, Low-Sidelobe Array Radar 164 This was one of the 
first low-sidelobe electronically steerable phased arrays. FASR (Fixed Array Surveillance 
Radar) was an experimental UHF radar developed by the Naval Research Laboratory to 
demonstrate how low-sidelobe antennas can be obtained in a shipboard environment by 
placing four fixed phased-array faces around a ship so as to avoid blockage by masts or 
superstructure. A single array antenna was 32 by 12.5 ft with 297 dipole radiators arranged 
in 27 columns and 11 rows. Although not small in physical size, the array contained a 
small number of elements and was not of high gain. Thus it was more difficult to achieve 
low sidelobes (tighter tolerances were required) than in an antenna with higher gain (and 
thus more elements). FASR was designed for- —40 dB sidelobes and used six-bit digital 
diode phase-shifters. The 5 by 12° beam scanned 120° in azimuth and 90° in elevation. 
Monopulse sum and difference beams were generated. The desired sidelobes of —40 dB 
were achieved at broadside, but they increased slightly when the beam was scanned. The 
difference pattern also achieved —40 dB sidelobes with respect to the sum pattern. 

Parabolic Reflector 165 There are many advantages of a parabolic reflector for radar ap¬ 
plications; however, it is more difficult to achieve low sidelobes with a reflector. Among 
the things that need to be done to obtain low sidelobes are: 

1. A solid rather than a mesh reflector surface should be used to avoid leakage in the 
back direction. 
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2. The feed system should illuminate the edges of the reflector with low energy, not only 
to obtain a highly tapered illumination, but also to minimize the sidelobe energy 
caused by spillover. 

3. Spillover radiation from the edges of the reflector can be attenuated by the appropri¬ 
ate placement of absorbing materials or shields. 

4. The feed system might have to consist of more than one hom or radiator in order to 
properly control the aperture illumination. 

5. There can be no aperture blockage by the feed system, which leads to the use of an 
offset reflector. 

6. The mechanical tolerances of the reflector surface have to be better than that of an 
array by a factor of two because of the two-way path on reflection from the surface. 

Scudder 166 described the design of an S-band 3D air-surveillance radar using an off¬ 
set reflector 20 ft wide by 12 ft high with a bandwidth of 600 MHz. The azimuth beamwidth 
was 1.4°. Seven corrugated feed horns were positioned to provide seven overlapping beams 
in elevation from 0° to 20°. More than one feed hom was used to form each elevation 
beam. Absorbers were placed at both the top and bottom edges of the reflector to sup¬ 
press spillover radiation. Based on measurements of a one-tenth scale model operating 
at K a band, the peak near-in sidelobes were —40 dB and decreased rapidly to less than 
-50 dB, with the wide-angle sidelobes below -60 dB. 

Another example is that described by Williams et al. 167 Their elliptical shaped re¬ 
flector had a major axis of 45 wavelengths and a minor axis of 15 wavelengths produc¬ 
ing an azimuth beamwidth of 1.7° and an elevation beamwidth of 5°. It was feed from an 
offset array of four conical horns. The aperture illumination was designed to produce a 
peak sidelobe of -50 dB. The price paid for this low sidelobe design was that the 
beamwidth was broadened by a factor of 1.47 compared to the beamwidth that would 
have been produced by a uniformly illuminated circular aperture. An X-band model pro¬ 
duced a peak sidelobe of —43 dB, which was attributed by the authors to spillover radi¬ 
ation from the feed support struts. 

An offset-fed parabolic cylinder has some advantage over other reflector antennas for 
producing low sidelobes because the line source feed (which may be a linear array or a 
pill box) allows much better control of the aperture illumination than when a conventional 
parabolic reflector is used with one or several hom feeds. 168 If a corporate-fed linear ar¬ 
ray is used with equal lengths of lines to the radiators, the antenna can have much broader 
bandwidth than a series-fed array. 


Measurement of Low-Sidelobe Radiation Patterns A good pattern range is needed to ac¬ 
curately measure the radiation pattern of a low-sidelobe antenna, especially if the depth 
of the nulls are of interest. 169 The pattern range must be sufficiently large so that the cur¬ 
vature of the wavefront due to the finite distance does not affect measurement accuracy. 
The rule of thumb used by antenna engineers for conventional antennas is that the dis¬ 
tance between the antenna and the pattern-measuring source should be at least 2D 1 IX. 
where D is the antenna dimension and A is the wavelength. This is adequate for sidelobes 





646 


chapter 9 ® The Radar Antenna 


down to about -30 dB; but not for lower sidelobe levels. Hacker and Schrank 170 state 
however, that the distance of 2D"/A can be satisfactory for the accurate measurement of 
the wide-angle (far-out) sidelobes, but it does not accurately measure the first one or two 
near-in sidelobes. If, on the other hand, the entire antenna pattern is to be determined to 
an accuracy of better than 0.5 dB, the pattern range must be 8D 2 /A when the pattern is a 
modified Taylor with first sidelobe of -50 dB. Using the Taylor « linear aperture illumi¬ 
nations, Hansen added to this by determining that that if an error of 1 dB or less is re¬ 
quired when measuring a —40 dB sidelobe, the measurement distance should be 6D 2 /A. 131 
For a — 60 dB sidelobe design, the distance should be 1 ID 2 Ik. 

System Implications of Low Sidelobes Low antenna sidelobes are important for achiev¬ 
ing the desired performance of pulse doppler radars in the face of heavy clutter. They can 
also be useful for reducing the effects of sidelobe jamming and making the job of hostile 
intercept receivers and antiradiation missiles more difficult. Low sidelobes, however, do 
not come without cost—both monetary and performance. 

Compared to the conventional parabolic reflector, low-sidelobe antennas are more ex¬ 
pensive, less rugged, more likely to be heavier, require better mechanical and electrical 
tolerances, and are harder to maintain. As has been mentioned, the lower the sidelobes 
the less the antenna gain and the wider will be the main beam. If a larger antenna cannot 
be used to maintain the beamwidth, the wider beam means poorer angular resolution and 
accuracy, greater susceptibility to main-beam jamming, and larger clutter echoes received 
in the main beam. In an airborne doppler radar that is concerned with detecting low ve¬ 
locity ground-moving vehicles with doppler frequencies near that of the main-beam clut¬ 
ter, a narrow antenna beamwidth with conventional sidelobe levels may be more impor¬ 
tant than a low sidelobe antenna with an increased beamwidth. 

To avoid negating the benefits of low sidelobes, the antenna must be operated in a 
clear environment without obstructions or nearby objects that block or scatter the radiated 
energy. When a low-sidelobe antenna must be operated within a radome, special consid¬ 
erations need to be given to the design of the radome in order that the sidelobes are not 
degraded. Usually the radome will rotate along with the antenna (a rotodome) in order to 
maintain the same radome environment seen by the antenna as it rotates. 

As with most things, low-sidelobe antennas have both good and bad effects. They are 
not universally applicable and should be used only when their desirable features outweigh 
their disadvantages. 


9.14 COST OF PHASED ARRAY RADARS 

A phased array radar generally costs more than a conventional radar that employs a me¬ 
chanically scanned antenna but it also can provide unique capabilities not available with 
other antennas. It has been used chiefly in military applications where the unique features 
of a phased array may sometimes compensate for its higher cost. It has seldom been 
employed for civilian radar applications since there are few applications where its greater 
expense can be justified when competitive market forces make price an important 
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consideration. There has been much interest in reducing the costs of phased arrays to make 
them more competitive for both military and civilian applications. 

Factors Affecting the Cost of a Phased Array Radar Tang and Brown 171 state that the cost 
problem of a phased array is attributable to the following: 

• The large number of discrete components in a conventional phased array that have to 
be individually fabricated, assembled, tested, and installed. 

• The production yield of components, especially solid-state amplifiers that use mono¬ 
lithic high-power chips. 

• The labor involved. 

• The limited production quantity of any particular radar system which does not jus¬ 
tify large capital investments for a dedicated production line with special production 
tooling that could reduce manufacturing costs. 

These four categories are only a part of the problem. Cost depends on the particular radar 
architecture, the degree to which multifunction operation is used, computer software for 
operating the radar, and the radar frequency. Each of these will be briefly reviewed. 

Effect of Radar Architecture on Cost Section 9.9 discussed the various architectures for 
phased array radars, and some mention was made of the effect of the architecture on radar 
cost. It is difficult to be quantitatively accurate regarding predictions of radar cost, but 
some generalizations can be made. For example, a space-fed array using a single high- 
power vacuum tube transmitter has been less expensive than a corporate-fed array or an 
active aperture solid-state phased array. Also, the row-column control of phase shifters is 
usually cheaper than when each phase shifter is controlled individually. 

There was a brief description in Sec. 9.9 of how Russian (Soviet) air-defense phased 
array systems achieved lower cost. Cory 105 summarized these as: 

• Minimizing the total number of phase shifter modules. 

8 Simplifying the radar architecture (such as by using a space-fed array). 

• Designing simple and inexpensive components. 

® Minimizing the size and complexity of the control system. 

8 Simplifying the feed design. 

In addition the Russians used several low-cost radars, each performing a single air- 
defense function rather than the more complex multifunction phased array that has been 
the more usual practice in the U.S. 

Multifunction Radar and Cost Because of its flexibility and rapid beam steering, an elec¬ 
tronically steered phased array antenna can be used to perform multiple radar functions 
including search, track, weapon control, missile guidance, target recognition, and perhaps 
others. The ability to perform multiple functions with one phased array radar has been a 
major selling point of those who market radar systems that employ phased arrays. One 



648 C H A P T E R 9 ® The Radar Antenna 


should be cautious, however, since a single multifunction phased array radar might not be 
the best approach for all radar applications. This is especially true for air defense. 

The basic problem with a multifunction electronically steered phased array radar for 
air defense is that compromises must be accepted when a single radar is used for both 
surveillance and weapon control. It is well known among radar system engineers that the 
lower microwave frequencies are more suited than the higher frequencies for long-range 
air-surveillance radars. The frequency of choice is usually L band (1.215-1.4 GHz). On 
the other hand, the higher microwave frequencies are more desirable for weapon control, 
with X band the usual choice (8.5—10 GHz). When a single phased array radar is required 
to perform both surveillance and weapon control, a compromise choice of a single fre¬ 
quency has to be made, generally somewhere between L and X bands. The U.S. Navy’s 
Aegis air-defense system is at S band and the U.S. Army’s Patriot air-defense system is 
at C band, yet they basically have the same mission (except one is on ships and the other 
is land mobile). When the beamwidths must be the same no matter what the frequency 
(which implies that the antenna gain is independent of frequency) the antenna aperture 
will be smaller at the higher frequencies. Thus performing the surveillance function at S 
band results in less range performance (for a given average transmitter power) than if it 
were at L band. Air surveillance at higher frequencies (such as C band) result in even less 
range performance. Also, the higher the frequency the less will be the available doppler 
space (to detect moving targets in clutter) because of blind speeds. When weapon control 
radars operate at C band or S band, the antenna beamwidths will be wider than they would 
be at X band, resulting in poorer angle accuracy and less ability to deal with multipath 
effects from surface reflections. Thus, even if cost were of no concern whatsoever, one 
usually has to accept lesser performance in both surveillance and weapon control when a 
multifunction radar is employed for air defense at a single frequency band. 

It is not always necessarily true that an air-defense radar system with multiple radars 
at different frequencies has to be more expensive than a single-frequency multifunction 
system which has the same performance. Both Barton 104 and Cory 105 have written about 
the benefits of the Russian design approach to air-defense radar systems that employ sev¬ 
eral simple cost-effective phased array radars to perform the various functions of surveil¬ 
lance, weapon control, and low-altitude detection. 

In some radar system applications the optimum frequencies for surveillance and for 
track might be the same, so that multifunction radars do not have the same limitations 
that are experienced with their use for air defense. Space surveillance for the detection 
and tracking of satellites is one example where both the surveillance and the tracking 
functions can be performed at the same frequency. (UHF is a good choice, as in the 
AN/FPS-85 and Pave Paws.) Thus no significant compromises in performance need be 
made when using a single multifunction radar for the space surveillance functions of de¬ 
tection and tracking. 

Multifunction radars that use mechanically scanned planar array antennas have been 
well suited for military combat aircraft and, in the past, have been the norm. A modem radar 
for a fighter/attack aircraft has to perform a number of functions, maybe from 6 to 9, for 
air-to-air purposes and a similar number of different functions for air-to-ground purposes. 
There have been no significant limitations (other than having sufficient time) in using the 
same airborne radar to perform all the many functions at X band. The multifunction 
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electronically steered phased array can also be used for airborne fighter/attack radar appli¬ 
cation, but a single phased array face in the nose of a frghter/attack aircraft (usually limited 
to less than ±60° in angle) cannot provide as large an angular coverage as can a me¬ 
chanically steered planar array antenna. (Large angular coverage is especially important 
for the dog-fight role.) Two or more phased arrays might be used for increased coverage, 
but they result in increased system size and weight. Mechanical antennas thus can be com¬ 
petitive, and in some ways superior, to electronically steered phased arrays for military 
airborne applications since they can do what is required of an airborne radar antenna at 
less cost and less weight than an electronically steered phased array. 

Offensive bomber aircraft, such as the B-1B, have also employed the multifunction 
electronically steered phased array to perform the many radar functions unique to the 
bomber. Such radars have been more expensive than conventional mechanically scanned 
radars for the same purpose. 

Computer Software and Cost The computer can be a significant part of the cost of a ver¬ 
satile multifunction phased array radar. It has not been the computer hardware but the 
software that can be a sizable fraction of the total radar development cost. In early long- 
range multifunction phased array radar systems, software cost was about 30 to 40 percent 
of the total. Oyer time, computer software has become better and easier to obtain, but it 
is still a significant factor in achieving a successful phased array radar system. The de¬ 
sign ot the computer software for phased arrays must enter the radar system development 
process at an early stage, with sufficient time and funds allowed for it to be successfully 
completed. Without sophisticated computer control, a phased array can do very little. 

Effect of Frequency on Phased Array Radar Cost In general, the lower the frequency of 
an air-surveillance radar that uses a phased array antenna, the lower the cost. The ratio¬ 
nalization is as follows. A passive phased array is assumed, one with a single receiver and 
a single high-power transmitter, that requires a specified power-aperture product. (That is, 
the average transmitter power times the antenna area is a constant, Sec. 2.13.) The cost 
of an antenna element and a phase shifter is more or less independent of frequency, but 
the cost of an array is proportional to the number of elements. In this comparison it is 
further assumed that the antenna must have the same gain (same elevation and azimuth 
beamwidths) at whatever frequency is selected for its operation. Thus a 9000-MHz 
(Z-band) phased array radar would have the same number of elements as a 450-MHz 
(UHF) radar. With the above assumptions, the array antennas at the two different fre¬ 
quencies would cost approximately the same. The aperture of the 450 MHz radar, how¬ 
ever, is 20 times larger in linear dimension and 400 times larger in area than that of the 
Z-band radar. Since the power-aperture product in this example is assumed to be the same 
at both frequencies for equal performance, the transmitter power for the Z-band radar must 
be 400 times that of the UHF radar, with the result that the cost of the Z-band radar will 
be many times greater than that of the radar- at UHF. The effect of a higher frequency on 
cost is probably even greater for active-aperture phased array radars that employ a T/R 
module at each element containing its own solid-state transmitter, receiver, phase shifter, 
and duplexer. The cost of a T/R module is likely to be greater at the higher frequencies 
rather than be relatively independent of frequency as in the passive array. The above 
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argument assumed a surveillance radar where P av A is constant. In a tracking radar, gen¬ 
erally the product R av A 2 is a constant with frequency. This makes it even more likely that 
an equivalent radar at a lower frequency will cost significantly less than one at a higher 
frequency. 

The above has been a very simplistic argument with some very gross assumptions. 
There may be other requirements the radar must meet which require that a phased array 
radar operate at higher frequencies in spite of higher cost (such as if it has to fit into the 
nose of an aircraft). Nevertheless, it is often true that the lower the frequency the more 
affordable will be the phased array radar. 

Reducing Phased Array Cost This subsection summarizes some of the guidelines for low¬ 
ering the cost of phased array radars. 172 

1. Operating at as low a frequency as the application will permit. 

2. Emphasizing low-loss design. This might seem obvious or trivial, but it has not 
always been given sufficient attention. 

3. Time sharing a four-faced phased array with a single transmitter. This is done as a 
cost-saving measure, but it can affect the overall performance of the system. 

4. Employing the active aperture architecture only when it is appropriate. The losses in 
the active aperture array are less than the losses in a passive array with a constrained 
feed. It is not always obvious, however, that the total system cost of an active 
aperture radar will be lower or its performance better than other phased-array 
architectures. 

5. Single transmitter. It has usually been true that the greater the RF average power from 
a single device, the lower will be its cost per watt. 

6. Space-fed arrays. Lower loss and less complexity of the space-fed array can result in 
lower cost. 

7. Attention to computer issues. The cost of the computer software for a phased array 
and the time required to generate it can be significant. 

8. Trainable arrays. If an application requires 360° of coverage, one might not want to 
have the expense of four identical phased array radar systems to provide the total 
coverage. As mentioned in no. 3 above, one Or two transmitters might be time-shared 
among the four apertures of an array radar system. The combination of two trainable 
arrays and a conventional 2D air-surveillance radar could be less expensive that a full 
four-face phased array. 

9. Avoiding a multifunction array. There can be, in some applications, other less costly 
approaches that can perform more effectively the same mission. 

It was mentioned that phased array radars have the advantage of being more readily 
hardened to withstand nuclear blast effects than a mechanically steered radar. Hardening 
only adds to the already large costs of phased arrays. In the U.S. development of inter¬ 
continental ballistic missile defense systems in the 1960s and early 1970s. the high cost 
of a fully hardened system was a factor in leading to the ABM (antiballistic missfle) treaty 
between the U.S. and the Soviet Union. 
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It might be mentioned that the life-cycle costs of military systems, which were not 
considered in the above, include the cost of development, procurement, installation, train¬ 
ing, operating, and maintenance. A further consideration is that the development cost of 
a radar usually is a small fraction of the total life-cycle costs of the system. 


OTHER TOPICS CONCERNING PHASED ARRAYS 

Bandwidth of a Phased Array Antenna Two different kinds of bandwidths need to be 
considered for phased arrays. One is the instantaneous, or signal, bandwidth, which is an 
indication of the maximum bandwidth of a signal that the array can handle without dis¬ 
tortion. Usually, it is difficult to obtain an array signal bandwidth of more than a few per¬ 
cent. The other is the operating, or tunable, bandwidth over which a narrowband signal 
can be received (or transmitted) without distortion. 

Signal Bandwidth Figure 9.15a showed a two element array receiving a signal that ar¬ 
rives at an angle B (] relative to broadside. The signal appears at element 2 before it appears 
at element 1. If a delay line of the proper length is inserted at element 2, the two signals 
will coincide and add without loss. There is no theoretical limitation to the signal bandwidth 
in this case when delay lines are used to bring signals from the various elements of the ar¬ 
ray into time coincidence. As has been said in the original discussion of Fig. 9.15, time de¬ 
lays inserted at each of the many elements of a large array have not been not practical. In¬ 
stead, the delay line is replaced with a phase shifter that is limited in phase to the range 0 
to 2 tt radians. Signals can be phase coherent so long as they overlap in time. But the sig¬ 
nals do not overlap with 0 to 2n phase shifters during the transient build-up time. Thus phase 
shifters produce coherent addition only for narrowband (long time duration) signals. 

The limitation on bandwidth when phase shifters are used in an array is dependent on 
the rise time, or build-up time, of tire signal as it transits across the array. The transient re¬ 
sponse of the incident signal as it builds up across the array has the same effect on signal 
bandwidth as the transient response, or build-up time, of a conventional filter. The build¬ 
up time of a linear array of dimension D when a signal is incident on the array at an an¬ 
gle 9 0 , is (D sin 6 0 )/c, where c is the velocity of propagation. If, for example, the angle of 
arrival 9 0 = 45°, and D = 30 ft, the transient build-up time is about 22 ns. The signal band¬ 
width is thus limited to the reciprocal of the transient build-up time, or about 45 MHz. 
There is zero build-up time for a signal that arrives from the broadside direction (6 0 = 0); 
hence, there is no theoretical bandwidth limitation. (This assumes that the signals from all 
the antenna elements are summed with equal-length transmission lines.) 

Another aspect of signal bandwidth has to do with the change of phase with a change 
in frequency. The phase shift <fi required to steer a beam to a given direction is assumed 
to be independent of frequency. If the value of (f> is chosen so as to point the beam to a 
direction 6 0 when the frequency is f u the beam will point to a new direction when the 
frequency is f 2 . If it is assumed that the signal’s frequency spectral width must not cause 
the beam to scan more than ± one-fourth beamwidth, Cheston and Frank 173 show that 

signal relative-bandwidth in percent = broadside beamwidth in degrees [9.69] 
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where the signal relative-bandwidth in percent is 100 times the absolute bandwidth di¬ 
vided by the RF carrier frequency, or (B/f 0 ) X 100. This expression is based on the array 
having an equal-path-length feed and the beam is scanned to an angle of 60°. 

Although it has been impractical to employ delay lines at each element of an array 
they have sometimes been used at the subarrays to increase bandwidth. Phase shifters are 
used at each element in addition to the delay lines at each subaperture. This reduces the 
complexity of an array compared to one with delay lines at every element, but it also has 
less bandwidth than a true time-delay array. Subarrays with delay lines increase the band¬ 
width of a linear array in proportion to the number of subarrays, compared to the band¬ 
width of an array that does not have subarrays. 174 The sidelobes will increase, however 
with the use of subarrays, which may not be desirable for some applications. 

Operating, or Tunable, Bandwidth Although the build-up time of an array limits the 
signal bandwidth that it can handle without distortion, it is possible to operate an array 
over a very wide band of frequencies by retuning; that is, by re-setting the phase shifters 
to new values when the frequency (of a narrowband signal) is changed. Such an array can 
radiate different narrowband signals one at a time at different frequencies by readjusting 
the phase shifters with each new frequency. The operating bandwidth of the array can be 
quite large and might be limited only by the onset of grating lobes. This assumes that the 
antenna elements and other components of the array are wideband. 

It has been reported 175 that an array containing 4096 open-ended waveguide radia¬ 
tors with a triangular arrangement of elements was capable of operating over a 30 per¬ 
cent frequency band and over a scan volume of more than 120° in both azimuth and el¬ 
evation. A wide-angle impedance matching dielectric sheet was placed in front of the 
array. (The frequency at which this array operated was not given.) 

Computer Control of an Array Although a radar with a conventional mechanically scanned 
antenna can operate without computer control, the multifunction electronically scanned 
phased array must be controlled by a computer if it is to achieve its full potential. An im¬ 
portant task of a computer is to generate the phase shifter commands for each element of 
the array to steer the beam in the desired direction. But this is only a small part of what 
an array computer must accomplish. A much more demanding task is to effectively man¬ 
age the various radar functions required of the array. The computer hardware for the mul¬ 
tifunction operation of an array usually is not as much a concern as is the computer soft¬ 
ware needed to generate and schedule the various wavefonns, data rates, and processing 
without degradation of performance. 

The demands on the computer that controls the phased array radar vary with the ap¬ 
plication. Generally, the various radar tasks that have to be performed by a phased array 
under computer control must be done sequentially rather than simultaneously. In a phased 
array radar for air defense, for example, it is the job of the computer to allow the radar to 
track a large number of targets as well as search a large volume of space within a speci¬ 
fied time for the detection of targets. The tracking data rate depends on whether or not the 
target is considered hostile and is being engaged. The revisit time during search, for ex¬ 
ample, might need to be one or two seconds when looking for pop-up, low-altitude targets 
that first appeal- over the horizon at short ranges (perhaps 8 to 20 nmi). With long-range 
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targets (150 to 200 nmi), the revisit time can be greater (perhaps 10 s) since there is more 
time for an air-defense system to react to a long-range threat than to a short-range threat. 
(A sea-skimming missile flying at Mach 3 at very low altitude might first appear above 
the radar horizon at a range of 10 nmi from the radar. If the detection decision is made 
almost instantaneously, then there is then less than 20 s available to destroy the missile 
before it reaches its objective.) If the radar is to detect tactical ballistic missiles at long 
ranges, the search patterns and data rates will be different from those used for aircraft tar¬ 
gets. Thus the computer must program different search procedures depending on the range 
and type of target expected. 

Once a target is detected, the data is used to update an existing track or initiate a new 
track. When the radar is performing its search function, the scanning must be interrupted 
periodically in order to radiate one or more pulses in the direction of known targets al¬ 
ready held in track. Since the target is in track, the radar will know the approximate time 
the echo is supposed to arrive back at the radar. At that time, the phased array beam can 
be pointed to the direction of the target so as to receive the echo signal. Search and track 
are therefore accomplished in an interleaved manner. The computer has to be programmed 
to be able to accomplish this efficiently; that is, to search the required volume with the 
required revisit times and to track a large number of targets without serious degradation. 

In spite of best efforts, there will likely be radar functions that become overloaded when 
the number of targets is large. This occurs because the various functions of a conventional 
phased array are performed sequentially in time. Everything cannot be done at once, so pri¬ 
orities must be assigned to the various functions to be performed. Those with less impor¬ 
tance are performed at a lower data rate—or maybe, not at all. Among the highest priority 
functions are those involved with the engagement of threatening hostile attacks. This in¬ 
cludes tracking of the attacker and providing guidance information to the intercepting mis¬ 
sile. Time critical functions, such as short-range horizon-search for low altitude threats are 
also of high priority. Next in priority might be the tracking of confirmed hostile threats. Of 
lower priority is the tracking of known friendly targets. Low priority is also given to above¬ 
horizon search for targets at long range. These are only a few of the many tasks or func¬ 
tions that a phased array radar has to perform as part of an air-defense system. 176,177 

As the number of targets increases or as the demands of the air-defense increase, the 
computer can become increasingly overloaded and it will be more difficult for the phased 
array radar to perform all of its tasks with equal effectiveness. The problem has some¬ 
times been described as there not being enough microseconds in a second to do all that 
is required of the phased array radar. One author 178 described the problem as not being 
able “to get round the sky quickly enough.” Among the many factors that can cause the 
phased array to be overloaded and result in compromised performance are (1) a relatively 
large number of angular resolution cells that the radar must examine, (2) the need for the 
radar to detect small moving targets in large clutter, which requires that it dwell in each 
direction long enough to obtain good doppler filtering to suppress the clutter, and (3) a 
relatively long time to acquire targets and to initiate tracks. 

The overloading of the functions performed by a conventional phased array radar is 
less of a problem with a radar that uses digital beam forming to look everywhere all the 
time since the various functions can be performed simultaneously (in parallel) rather than 
sequentially (in series), as was discussed in Sec. 9.9. 
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Rodent Phased Array 179 ’ 180 Radant, originally developed by Thomson-CSF of France, 
is a different method for employing diodes or microelectromechanical switches (MEMS) 
to produce agile beam steering. Instead of using diode phase shifters in the conventional 
manner, Radant employs strips of metalized diodes arranged in columns to produce phase 
shift in one angular dimension by changing the voltage applied to each strip of diodes. 
The principle of the Radant diode lens for scanning in one angular coordinate is illus¬ 
trated in Fig. 9.50. The vertical strips of diodes that produce the phase shifts are illumi¬ 
nated from "the back by a plane wave as might be generated by a simple planar array. A 
parabolic reflector or a lens also might be used to illuminate the Radant, as might space 
feeding (but not offset space feed). 

Radant can be thought of as a lens whose index of refraction (or dielectric constant) 
can be varied by appropriately biasing each string of diodes. 181 Biasing the PIN diodes 
can provide the desired change in susceptance to change the “index of refraction of the 
lens consisting of many diodes. A number of planes of diodes are used to obtain the to¬ 
tal phase shift. In a Radant array antenna with the geometry of Fig. 9.50, there might be 
20 planes of diodes having a total thickness of 4 inches at X band. 

As described, beam steering occurs in only one plane. Figure 9.51 illustiates two- 
dimensional steering. In this arrangement the first lens steers the beam in the horizontal 
direction. The plane of polarization is then rotated 90°, and a second lens oriented 90 to 
lens no. 1 steers the beam in the vertical. Control of two-dimensional beam steering is 
done with row and column commands so that with a N X M element array there need be 
only N + M commands rather than N X M. An advantage claimed for the Radant antenna 
is that it can be of lower cost than other array configurations. 

A Radant lens electronically steered phased array radar, called the RBE2, was de¬ 
veloped by Thomson-CSF for the French Rafale multirole combat aircraft built by Das- 

. • 1RR 

suit Aviation. 

Ferroelectric Phased Arrays A change in phase can be had by a change in the dielectric 
constant (permittivity) of the material in which the electromagnetic signal propagates. Ma¬ 
terials whose dielectric constant varies with the d-c voltage applied across it are known 


Figure 9.50 Principle of the Radant antenna for 
scanning in one angle coordinate, horizontal in this 
case. 

I (Courtesy of Jaganmohan Rao, Naval Research 
I Laboratory Radar Division.) 
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Figure 9.51 Method of obtaining a two- 
coordinate beam steering Radant antenna. 

I (Courtesy of Jaganmohan Rao, Naval Research 
| Laboatory Radar Division.) 



as ferroelectrics. Ferroelectric phase shifters have been investigated in the past, but they 
were difficult to match because of their large dielectric constant and they have higher 
losses than might be desired. With time, ferroelectric materials have improved and they 
have shown more promise. 

An interesting approach to a ferroelectric phased array based on a lens array with 
bulk phase shifting is that of Jay Rao and colleagues. 184 Figure 9.52 is a very simplified 
sketch of the operation of a ferroelectric lens array that steers in one plane. It is made up 
of ferroelectric slabs sandwiched between conducting plates that apply the d-c voltage 
that determines the dielectric constant and the phase shift. Changing the voltage on the 
conducting plates changes the direction of the beam. Beam steering in two orthogonal 
planes is obtained by rotating the plane of polarization 90° and using a second lens array 
oriented 90° to the first lens, as was illustrated in Fig. 9.51 for the Radant lens. Similarly 
the ferroelectric array can be illuminated with a conventional non-steerable planar array 
or by a hom feed, just as for Radant. The material used was a bulk oxide-ceramic com¬ 
posite of barium strontium titanate oxide (BSTO) with a typical dielectric constant be¬ 
tween 90 and 120. 

Theory and experimental measurements indicate that a ferroelectric array at X band 
can operate over the frequency range from 8 to 12 GHz with a voltage standing-wave 


Figure 9.52 Basic configuration of a 
ferroelectric lens array for steering in the 
horizontal plane with horizontal 
polarization. 184 

I (Provided by J. Rao and D. Patel of the Naval 
I Research Laboratory Radar Division.) 
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ratio less than two, and with a loss between one and two dB.'* J The advantage of this 
form of phased array eompared to other phased arrays is its potential tor low cost. It uses 
row and column steering that requires far fewer phase-shift control signals than an array 
which requires control signals for each element of the array. It is said to have smaller lens 
thickness, higher power capability, simpler beam steering controls, and use less power to 
control the phase shift than a Radant lens array. The use of row-column bulk phase steer¬ 
ing instead of individual phase shifters at each element can make it more difficult, how¬ 
ever, to achieve low sidelobe levels. 

Conformal Array Antennas A long-sought, but difficult to achieve, desire ol radai sys¬ 
tem engineers is to be able to place array elements anywhere on a surface of a relatively 
arbitrary shape and obtain a directive beam with good sidelobes, good efficiency, and 
which can be conveniently scanned electronically. An array on a nonplanar surface is 
called a conformal array. Such an array, if practical, might be configured to conform to 
the nose, wing, or fuselage of an aircraft or missile. Most of the work on conformal ar¬ 
rays has been for relatively simple shapes such as the cylinder, hemisphere, cone, or trun¬ 
cated cone. 185 It has been difficult to achieve a practical conformal array, except in sim¬ 
ple geometries. There are good reasons why almost all operational phased arrays are planar. 

In some conformal geometries, equal element-to-element spacing is not practical. Be¬ 
cause of the nonplanar surface the element polarization can vary from one point on the 
array to another and with the beam pointing direction. The aperture illumination cannot 
be separated into two orthogonal patterns, as it can in a rectangular array. The boresight 
of a difference pattern might vary with angle. The calculation of mutual coupling is more 
difficult with a nonplanar surface. The issue is not whether a conformal array can be built, 
but whether some other solution is better. 

If one wanted to have a cylindrical antenna, one way to achieve it would be to use 
four planar arrays arranged in a square and cover the structure with a cylindrical radome 
and not let anyone look inside. If the change in beamwidth and gain with scan angle ex¬ 
perienced by planar arrays were of concern, adjacent faces of a tour-face phased array 
might be used cooperatively to maintain the beam relatively unchanged with scan. As the 
beam from one planar array is scanned off broadside, some of the transmitter power can 
be applied to an adjacent lace and diverted to scan in the same direction as the original 
face. 186 Thus each face might work in conjunction with its two adjacent faces to main¬ 
tain the beam shape almost independent of scan angle. 

Thinned, or Unequally Spaced, Arrays 187188 A normal phased array antenna has its ele¬ 
ments spaced about a half-wavelength apart for good performance. When the elements 
are, on average, spaced much greater than half-wavelength the array is said to be thinned, 
or unequally spaced. (This assumes that a wide angular coverage is required; otherwise 
it would be known as a limited-scan array.) The beamwidth is determined by the electri¬ 
cal size (in wavelengths) of the array but its gain and sidelobe levels are determined by 
the number of elements that remain. A thinned array will have about the same beamwidth 
as a filled array, but its gain will be reduced in proportion to the number of elements 
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removed. Its peak and average sidelobes will increase. [The simple expression for antenna 
gain, G = 7T 2 / 0 a 0 h of Eq. (9.5b), doesn’t apply to thinned arrays.] Many methods have 
been tried to determine element spacings that will result in acceptable antenna patterns. 
Two of the more successful will be described briefly. 

Dynamic Programming One method is to have a computer calculate, for a fixed num¬ 
ber of elements, the antenna patterns for all possible locations of the elements within the 
array and determine which is best. This method of total enumeration, is impractical be¬ 
cause of the large number of combinations that are possible. A more practical approach 
is dynamic programming, an optimization method that can produce an equivalent result 
to total enumeration under certain conditions. Its advantage is that it is much less com¬ 
puter intensive. Dynamic programming determines the optimum solution to a multistage 
problem by optimizing each stage of the problem on the basis of the input to that stage. 
It is a good method for finding the spacings of a thinned array when the number of ele¬ 
ments is not too large. 189 

Density Taper The other method, which is applicable to large linear or large planar ar¬ 
rays, is to employ a density taper. 190 Consider a uniform grid of possible element loca¬ 
tions with equal spacing of one-half wavelength. The desired amplitude illumination for 
a conventional filled array is used as the model for determining the density of equal- 
amplitude elements. That is, the density of equal-amplitude elements is made to approx¬ 
imate the desired aperture illumination. The choice of whether or not to include an ele¬ 
ment in a possible location may be made statistically or deterministically. In one design, 
a one-degree beamwidth circular array which would have 7800 elements if completely 
filled, had 3773 elements when a density taper was employed based on a 30-dB Taylor 
amplitude illumination. 187 This represents a thinning of 52 percent, where the degree of 
thinning is defined as the ratio of the number of elements removed from a filled array di¬ 
vided by the original number of elements. Density taper was used in designing the re¬ 
ceiving aperture of the AN/FPS-85 and the Cobra Dane (AN/FPS-108) space-surveillance 
phased array radars. 

System Degradation Thinning of a phased array will produce serious undesirable char¬ 
acteristics for many radar applications when, the degree of thinning is too high. The gain 
is significantly reduced and there will be high peak and average sidelobes. 

A conventional filled phased array will have almost all of its radiated energy within 
its main beam. Only a few percent of the radiated energy will appear in the sidelobes. With 
a highly thinned array, however, the reverse is true. Too much energy is wasted in the side¬ 
lobes. An array with 90 percent thinning might have about 90 percent of its energy in the 
sidelobes. If clutter is a problem, as it is in high-prf pulse doppler radars, the high side¬ 
lobes throughout space can result in high levels of clutter entering via tire sidelobes. 

Thinning may look attractive at first glance because it seems to allow a narrow 
antenna beamwidth with a reduced number of elements, but one does not usually get 
something for nothing. It should be attempted only with one’s eyes wide open to the 
consequences. 
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9 . 16 SYSTEMS ASPECTS OF PHASED ARRAY RADARS 

Attractive Attributes of Phased Array Radar The electronically steered phased array an¬ 
tenna is of interest since it can provide capabilities not readily available with other types 
of antennas. Its advantages are summarized below. 

Interialess, rapid beam-steering. The beam from an array can be scanned, or 
switched from one position to another, in a time determined by the switching speed 
of the phase shifters. A diode phase shifter, for example, allows the beam to be 
switched in several microseconds or less. Ferrite phase shifters provide switching 
speeds that are slightly longer. 

Multiple, independent beams. A single array aperture can generate independent si¬ 
multaneous beams on receive, as described for the digital beam-forming phased ar¬ 
ray discussed in Sec. 9.9. On the other hand, multiple simultaneous beams on 
transmit are difficult to obtain, which is why a broad transmitting beam sometimes 
is used in conjunction with a number of contiguous narrow receive beams. For al¬ 
most simultaneous tracking of many targets, a simpler method is to rapidly switch 
a single transmitting beam through a sequence of positions by means of a time- 
sequenced burst of pulses, with each pulse steered to a different direction. Rapidly 
acting phase shifters are needed, as well as an application that does not require a 
short minimum range. Since the targets are in track, their directions are known. On 
reception the receive beam is switched at the proper time to the direction from 
which the echo is expected so as to update a target already in track. 

Potential for large peak and/or average power. Each element of an array can have 
its own individual transmitter with the outputs combined in “space” to obtain a 
large total power. (The power per element will be limited by the need for each in¬ 
dividual transmitter or T/R module to fit within the space available between adja¬ 
cent elements.) The active-aperture radar, Sec. 9.9, is an example. In addition to 
being able to achieve a large radiated power, an array with a transmitter at each 
element avoids the loss that can occur when the power from a single high-power 
transmitter has to be divided and distributed to each radiating element. 

Control of the aperture illumination. Since the aperture illumination is determined 
by the currents at a large number of individual radiating elements across the array, 
a particular antenna radiation pattern is much easier to obtain with an array than 
with other antennas. This is important when shaped beams or very low sidelobes 
are desired. Separate monopulse sum and difference patterns, each with its own op¬ 
timum characteristics, can also be obtained with arrays. 

Adaptive processing. Adaptive arrays are designed to automatically adjust the aper¬ 
ture illumination to place nulls in the antenna pattern in the direction of external 
noise sources and/or clutter echoes. Full array adaptivity, however, in which each 
element of a large array is part of the adaptivity process, has been too expensive in 
the past to implement. The sidelobe canceler is an example of a practical adaptive 
system that requires the use of only a few auxiliary low-gain antennas. When 
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sidelobe canceling is employed in a phased array, several of the array's elements 
can be used as the auxiliary antennas. 

Lower radar cross section. Because of its flat surface, the phased array can have a 
lower radar cross section than conventional reflector antennas, when illuminated by 
a radar with a frequency lower than the radar frequency. The flat face of a phased 
array can produce a large specular reflection, but the array can be tilted so that its 
specular scattering is directed to an angle where it is less likely to be detected. The 
effect of the tilt on beam steering can be compensated in the commands to the in¬ 
dividual phase shifters. On the other hand, the radar cross section of a planar array 
might not be low when illuminated by a radar at a frequency higher than that for 
which it was designed. 

Flush aperture shape. The flat surface of an array permits it to be flush mounted 
and to be hardened to resist the effects of blast. 

Multiple functions. The agile beam-steering offered by a phased array allows a sin¬ 
gle array radar to be time-shared (sequenced) among more than one radar function. 
Electronic beam stabilization. The ability to steer the beam electronically allows 
stabilization of the beam-pointing direction when the radar is on a ship or aircraft 
that is subject to roll, pitch, and/or yaw. This avoids the need for heavy mechanical 
stabilization machinery, but it also requires that the array be able to steer the beam 
over wider angles than when it is mechanically stabilized. 

One other advantage sometimes claimed for a phased array is that it degrades gracefully 
when failures occur in the system. Since there can be many elements in the array (sev¬ 
eral thousand to several tens of thousands, or more), tire effect of the failure of a few in¬ 
dividual elements is small. It has been said 191 that for an active-aperture phased array 
“typically, 5 percent or more [T/R] module failures can be tolerated while maintaining 
acceptable performance as a multimode radar.” There are several reservations that need 
to be mentioned, since graceful degradation is not guaranteed. First, there can be failure 
modes in a phased array radar that can affect a large number or all of the elements, or 
even be catastrophic. Second, no matter how “graceful” the failure of an array might be, 
sooner or later there will come a time when failures finally have to be replaced. Third, if 
the buyer of the radar (especially if the radar is for the government) is told by the radar 
company’s marketing department that the radar can operate satisfactorily when a signifi¬ 
cant fraction of its elements fail, it is likely that at some time during the development of 
the radar—when serious overruns in money or time occur—the margin that allows for 
graceful degradation might be quietly removed. In spite of difficulties, graceful degrada¬ 
tion should be designed into a phased array radar and the radar systems engineer should 
try to make sure it is not removed. 

Limitations of Phased Arrays As with most things in life, the desirable benefits of the 
phased array do not come without their price—and the price is sometimes measured in 
more than just dollars. 

Complexity The phased array radar is much more complex than a radar with a reflec¬ 
tor antenna. In addition to being made up of many thousands of individual elements, there 
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must be means for insuring that the phase and amplitude at each element are what they 
were designed to be; and, if not, there needs to be means to readjust them to their correct 
value. If the phased array is to perform the functions of multiple radars, there must be 
more equipment behind the aperture than if only a single radar function were being per¬ 
formed. The antenna aperture of a phased array radar is much like the “tip of an ice berg” 
There is a lot more than what is normally visible. The complexity of the array also in¬ 
creases the problems associated with its maintainability, achieving high reliability, and 
assuring that its availability is such that it will be able to operate when needed. 

Software Intensive Everything that the phased array does is commanded by a computer. 
The cost of the computer software to control the beam steering of the array and the vari¬ 
ous radar functions can be a significant portion of the total radar system cost, especially if 
the radar must perform the multiple functions of search, track, and weapon control. 

Cost The cost of phased arrays was discussed in Sec. 9.14, and nothing more need be 
said here other than the high cost of phased array radars has limited their use to applica¬ 
tions where the customer has been willing to pay the higher costs in order to obtain the 
special attributes of an array radar. For this reason, the phased array that scans in two an¬ 
gular coordinates has seldom been used for other than military applications. 

System Limitations An advantage of a phased array is that it can be time shared to per¬ 
form multiple functions. Some of the functions performed by an array, however, might 
take more time than is available. Three radar tasks that usually require more time than 
usual to accomplish properly are doppler processing, target acquisition, and long-range 
surveillance. 

Doppler processing (as in MTI or pulse doppler radar) is used to detect moving tar¬ 
gets in heavy clutter. As has been seen in Chap. 3, the longer the dwell time, the better 
can moving targets be separated from clutter. When a target is detected by the surveil¬ 
lance waveform of the array and is then designated for tracking, the tracking beam must 
be accurately directed to the direction of the target so that the beam can rapidly acquire 
the target without having to search for it. (A weapon control radar using mechanical track¬ 
ers, on the other hand, usually can take the time—a few seconds—to search a limited an¬ 
gular region to find and acquire the target to be tracked. The phased array that has to per¬ 
form multiple functions generally doesn’t have this luxury.) Long-range air-surveillance 
requires the radar beam to remain in a fixed direction until the potential echoes from all 
ranges can return to the radar. These and other radar tasks, such as some forms of non- 
cooperative target recognition and bumthrough against ECM jamming, can require long 
dwell times that could overload the scheduling of the array and cause it to omit or delay 
tasks of lower priority. 

More than Just Firepower One of the reasons the phased array has been used for mili¬ 
tary air-defense applications is that it has been said to provide increased firepower, hire- 
power has not always been a well-defined term, but it has been defined in Webster’s Ninth 
New Collegiate Dictionary as “the capacity to deliver effective fire on a target.” In addi¬ 
tion to firepower, a balanced air-defense system must avoid leakage (the penetration of 
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the defense by an attacker when the kill probability is too low), saturation (which means 
that the attack is so large and occurs within such a short time that the defense becomes 
overwhelmed and cannot engage all targets), and exhaustion (when the defense runs out 
of missiles before it runs out of attackers). The phased array radar addresses only one of 
these three, which is saturation. 


9 . 17 OTHER ANTENNA TOPICS 

This section considers some miscellaneous antenna topics that did not seem to fit in other 
sections of the chapter. They are discussed in no particular order of importance. 

Mirror-Scan Antenna, or Inverse Cassegrain 192 The radiated beam of the antenna config¬ 
uration shown in Fig. 9.53 can be rapidly scanned over a wide angle by mechanical move¬ 
ment of a light weight planar mirror called a twist reflector. This has been known by many 
names, including mirror-scan antenna, mirror-track antenna, polarization-twist Cassegrain, 
flat-plate Cassegrain, parabolic reflector with planar auxiliary mirror, and inverse 
Cassegrain. The parabolic reflector shown on the left in Fig. 9.53 is made up of parallel 
wires spaced less than a half-wavelength apart. (The wires are usually supported by a low- 
loss dielectric material.) For purposes of discussion, assume they are oriented vertically. 
The thin parallel vertical wires of the parabolic reflector make it sensitive to vertical in¬ 
cident polarization (when the E field is vertical). The parabola will completely reflect lin¬ 
ear vertical polarization and be transparent to linear horizontal polarization. If the energy 
radiated by the feed in the center of the figure is vertically polarized (E field parallel to 
the vertical wires of the parabolic reflector), it will be completely reflected and directed 
towards a planar reflector (a mirror) called the twist reflector. The twist reflector has the 
property that it imparts a 90° rotation of the plane of polarization to the energy reflected 
from it. The polarization of the energy reflected from the twist reflector will then be 
horizontal and will pass through the parabolic reflector with negligible attenuation. The 

Figure 9.53 Geometry of the polarization- 
twist mirror-scan antenna, using a polarization 
sensitive parabolic reflector and a planar 
polarization-rotating twist-reflector. Rapid 
scanning of the beam in azimuth and elevation 
is accomplished by mechanical movement of the 
lightweight planar twist-reflector. 
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radiated beam is steered in angle by mechanically rotating the low inertia twist reflector. 
When the twist reflector is rotated by an angle 0, the radiated beam is rotated through an 
angle 26. The beam can be rapidly scanned over an angle of ± 90° without the need for 
microwave rotary joints. 

One method of making a twist reflector is to orient a grating of thin wires 45° to the 
incident polarization and placed a quarter-wavelength in front of the planar reflecting sur¬ 
face. This type of construction is limited to a bandwidth of about 10 percent. Much broader 
bandwidth is possible with other constructions. A meanderline polarizer backed by a re¬ 
flector surface, for example, can achieve an octave bandwidth. 193 A mirror-scan antenna 
with a twist reflector using a number of log-periodic layered structures demonstrated op¬ 
eration over a frequency range from 2 to 12 GHz. 194 

The mirror-scan antenna has been widely used by many countries, especially the for¬ 
mer Soviet Union, for land-based, shipbome, and airborne radar applications. 

Beam Steering of a Reflector Antenna by Movement of the Feed The beam of a parabolic 
reflector antenna can be scanned by laterally displacing the feed from the focus of the an¬ 
tenna. Generally the beam can only be scanned a few beamwidths off axis before the an¬ 
tenna pattern degrades significantly. 195,196 The antenna gain decreases and the sidelobes 
increase; and in radar applications it is often the increase in sidelobe level that determines 
how far the beam can be scanned rather than the decrease in gain. The larger the f/D ra¬ 
tio (/ = focal length and D = antenna diameter) the greater in angle the beam can be 
scanned, but it is still quite limited. 

A spherical reflector can produce a slightly larger scan angle when positioning the 
feed off the focal point, but spherical reflectors have aberrations that cause high sidelobes. 
The Arecibo antenna in Puerto Rico used for radar and radio astronomy employs a large 
spherical reflector 1000 ft in diameter. It has a specially designed feed that corrects for 
aberrations so that the UHF beam can be steered about 20° off axis. 

A parabolic torus is a reflector antenna that is generated by rotating the parabolic 
section of Fig. 9.7 over an arc of a circle whose center is on the axis of the parabola. ’ 
Thus the vertical profile of the parabolic torus is a parabola and its horizontal profile (the 
plane in which the beam is scanned) is a circle of radius r. The radius r of the circular 
contour of the torus is made large enough so that the portion of the antenna surface illu¬ 
minated by the feed does not appreciably differ-from a true parabola. In other words, even 
though the horizontal contour of the torus is circular, the portion of the aperture illumi¬ 
nated by the feed approximates a parabolic shape, which is why the antenna generates 
satisfactory radiation patterns. Only a portion of the reflector surface is illuminated at any 
beam position. The main use of a parabolic torus is to rapidly scan a beam in a single 
plane by either mechanically moving a single feed along a circle whose radius is r/2, or 
by switching among many fixed feeds located on the circle of radius rl 2. The latter method 
of scanning was used with the original antenna for the Ballistic Missile Early Warning 
System (BMEWS) radar, a high-power UHF radar for the detection of intercontinental 
ballistic missiles at ranges over 2000 nmi. Its beam was mechanically scanned 120° in 
azimuth in two seconds. The BMEWS antenna was 165 ft high by 400 ft wide, and al¬ 
though it is a large antenna, its cost was relatively low since it was a fixed structure and 
only the feeds were switched by an organ-pipe scanner. 199 The BMEWS parabolic torus 
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antennas have been replaced by a phased array based on the technology of the Pave Paws 
radar. 

The parabolic torus also was used in the past for naval height-finder radars, such as 
the AN/SPS-30, which rapidly scanned a horizontal fan beam in the vertical plane to ex¬ 
tract an aircraft target’s elevation angle. 

The torus reflector antenna also has been used to generate two spaced antenna beams 
separated in azimuth, in addition to the main antenna beam, for the AN/SPQ-9B ship¬ 
board radar- which uses a single mechanically rotating reflector, Fig. 9.54. The purpose of 
the two additional azimuth beams is to allow confirmation looks on a target after detec¬ 
tion by the main beam so as to more rapidly establish a track on a target. After a single 
pass by the target, this allows the air-defense system to begin to establish a track on the 
target. 

It has been reported 200 that a torus-like reflector with an elliptical contour rather than 
a circular one (but with a parabolic contour in the orthogonal plane) can have wide-angle 
scanning with good performance and yet be much smaller than the conventional parabolic 
torus discussed in the above. With a modified contour in the plane of scan, this approach 
has also been demonstrated to scan the beam using an offset-fed reflector to avoid aper¬ 
ture blockage. 201 



Figure 9.54 Parabolic torus reflector used with the AN/SPQ-9B shipboard radar to obtain three 
beams separated in azimuth. 

I (Provided by L. Leibowitz and B. Cantrell of the Naval Research Laboratory Radar Division.) 
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Lens Antennas 202 Microwave lenses may be constructed from dielectric materials, arti¬ 
ficial dielectrics, or metal plates (waveguide media) to cause a focusing action similar to 
that of an optical lens. Dielectric lenses (the microwave analogy of the optical lens) are 
generally heavy and difficult to obtain with uniform properties. Lenses constructed from 
artificial dielectrics 203 can be made lighter but are usually poor conductors of heat so that 
it might be difficult to dissipate the heat generated in such materials when they are used 
for high-power radar transmitting antennas. 

The metal-plate waveguide lens is constructed from side-by-side parallel-plate wave¬ 
guides . 204 The phase velocity in a parallel-plate waveguide is greater than that in free 
space so that its index of refraction (and its dielectric constant) is less than unity, which 
is why they can be used to make lenses. They were used in early monopulse tracking 
radars to avoid aperture blockage caused by the large feed systems needed with reflector 
antennas. 

The Luneburg lens 203 differs from optical lenses and other microwave lenses in that 
it is spherical and its index of refraction 17 is not uniform, but varies with distance from 
the center of the sphere as 

r "ji/2 

V = I 2 — (//>b) 2 J 19.70] 

where r is the radial distance and r 0 is the radius of the lens. It has the property that a 
plane wave incident on the sphere is brought to a focus on the surface at the diametrically 
opposite side. Likewise, a transmitting point source on the surface of the sphere emerges 
as a plane wave on passing through the lens. The beam of a Luneburg lens can be steered 
by moving the feed along the surface of the lens. With multiple feeds, it can form multi¬ 
ple simultaneous beams which was why it was seriously considered as the antenna for the 
Nike Zeus ballistic missile defense system, an early intercontinental ballistic missile de¬ 
fense system concept conceived in the late 1950s by Bell Telephone Laboratories for the 
U.S. Army (but never reached deployment). 

The Fresnel zone-plate lens is an interesting form of lens that is simple, of small 
thickness, light weight, low loss, and low cost, especially for use at millimeter waves . 206 
It has not had significant microwave radar application, however. 

The lens antenna generally is less efficient than a reflector since unwanted reflections 
occur from both the front and rear surfaces of the lens. It is not as easy to support me¬ 
chanically as is a reflector. Dielectric lenses have problems in dissipating heat when ra¬ 
diating high power. The lens antenna has interesting attributes, but it is not often used for 
radar application. 

Radomes 207 ~ 207 Mechanical engineers can design a ground-based or shipbome antenna 
to be structurally strong enough to operate in high winds, icing, and other adverse weather 
conditions. It is often much cheaper and better, however, to enclose the antenna in an elec- 
tromagnetically transparent protective shield called a radome. An antenna enclosed by a 
radome can be lighter and have a smaller drive motor than an antenna exposed to the 
elements. 

Radomes for ground-based radars are often in the shape of a sphere (for example, a 
three-quarters sphere). The sphere is a good mechanical structure and offers aerodynamic 
advantages in high winds. Precipitation particles blow around a sphere rather than 
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impinge upon its surface, so that snow or other frozen particles are not readily deposited. 
Antennas mounted on aircraft must be housed within a radome that does not interfere with 
the aerodynamics of flight, be strong enough to be a part of the aircraft’s structure, as 
well as not distort the antenna pattern. 

A radome with good electromagnetic properties should be of low loss, have an ade¬ 
quate bandwidth, not raise the sidelobe level significantly, provide a low VSWR, a low 
antenna noise temperature, and not cause the boresight (pointing direction) to shift. In 
highly accurate tracking radars, the radome must also not increase the rate of change of 
the shift in the boresight. 

There are two types of radomes that have been used for ground-based and shipboard 
radars: the rigid self-supporting radome and the air-supported radome. 


Rigid Radomes An example of a rigid radome is the space frame, an example of which 
is shown in Fig. 9.55. This type of radome consists of a three-dimensional lattice of pri¬ 
mary load-bearing structural members enclosed with thin dielectric panels (0.02-0.04 inch 
thick). The panels can be made of teflon-coated fiberglass and can be very thin, even for 
large radomes, since they do not carry the main loads or stresses. This type of construc¬ 
tion whereby a spherical structure is constructed from flat panels of simple geometric 
shapes is sometimes called a geodesic dome. The supporting framework can be of steel, 
aluminum, or plastic. Metal structures arc superior in electrical performance compared to 
plastic or fiberglass since they can be made smaller because of their increased strength. 
Smaller thickness means less aperture blocking. Metal space frames are generally cheaper 

Figure 9.55 Rigid space-frame radome for the 
Argos-10 air-surveillance radar. 

I (Courtesy Alfonso Farina and Alenia Marconi 
! Systems.) 
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and easier to fabricate, transport, and assemble, and can be used for larger diameter con¬ 
figurations. 

Aluminum structural members are typically used for the space frame. They are larger 
than steel of equivalent strength, but they are lightweight, noncorrosive, and require no main¬ 
tenance. It is important that the plastic panels be able to repel water (hydrophobic) rather 
than absorb water. A hydrophobic material will cause the water on the radome surface to 
form into beads rather than coat the surface in a sheet or a film. Water in the form of beads 
usually has dimensions small compared to the radar wavelength and do not cause as much 
of an effect as a water film. 210 In some radomes, the exterior surface is coated with a white 
radar-transparent paint, such as Hypalon, to reduce the interior temperature rise caused by 
solar radiation. A material known as Tedlar has also been used as a surfacing material. 

A metal space-frame radome might be made up of individual triangular panels with 
a relatively uniform pattern. Instead of panels of uniform shape, there can be a quasi¬ 
random selection of different panel sizes and shapes to minimize the periodicity of the 
structure and avoid the generation of spurious sidelobes obtained with a periodic struc¬ 
ture. The randomization of the space frame also makes it less sensitive to polarization. A 
metal space-frame radome might typically have a transmission loss of 0.5 dB and cause 
the antenna sidelobes to increase an average of 1 dB at the —25 dB level. The boresite 
might be shifted less than 0.1 mrad and the antenna noise temperature might increase less 
than 5 K. Space-frame radomes can be larger than 150 ft in diameter, and they can be 
used at any microwave radar frequency. Typically they can be designed for wind speeds 
of 150 mph, but they have also been designed to withstand winds as high as 300 mph. 

Rigid radomes also have been made of fiberglass-reinforced solid plastic laminates 
and as a rigid shell sandwich, but these are usually of smaller size than the space frame. 
Solid laminate radomes can be up to 35 ft in diameter and operate at frequencies up to 
3 GHz. Panels are sometimes arranged in an “orange peel” geometry. Large-diameter sand¬ 
wich radomes, which can be as large as 80 ft, are usually constructed with an A-type sand¬ 
wich (described later), but are often narrowband. 207 Some L-band sandwich radomes for 
long-range FAA enroute ARSR radars have been said to have transmission efficiencies of 
98 percent (less than 0.1 dB). 211 

Weather Effects on Rigid Radomes An important advantage of tire rigid radome is its 
ability to withstand the rigors of severe climate.. Rime ice, the prevalent type of icing in 
the Arctic region, has little or no effect on most radomes. Although it tends to collect on 
many types of structures and can obtain large thickness, both theory and experiment show 
a lack of rime-ice formation on a spherical radome. 212 The trajectories of water droplets 
in the air stream flowing around a large spherical radome do not impinge upon the sur¬ 
face. Droplets of freezing rain, on the other hand, are large and almost 100 percent of 
freezing rain can collect on the radome’s surface. Dry snow does not stick to cold sur¬ 
faces and is generally not a problem. Wet snow can stick to the radome and affect its 
transmission properties. Removal of snow by thermal means is expensive; but on the 
smaller radomes snow can be removed mechanically by tying a rope at the top of the 
radome and having someone walk the rope around the radome to knock off the snow. 

Liquid water can collect on a radome as a film due to condensation or rainfall if the 
surface is non-hydrophobic. The films can be very thin and still cause attenuations of 
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severai dB or more depending on the frequency and the amount of water. Effenberger et 
aL ' state that at * band a water film can result in 8 dB of added transmission loss If 
the water is m the form of droplets instead of a film, the added transmission loss is re- 
uced to 1 dB. These losses compare to a loss of a dry air-supported radome of 0.1 dB 
and a dry metal space frame of 0.7 dB. Thus it is important that materials used for a 
ladome not absorb water and not allow water to form a film on its surface Radomes 
should be checked periodically to insure that their hydrophobic properties do not weaken 
with time. 

Air-Supported Radomes The first large radomes for ground-based radar antennas that 
appeared shortly after World War II were constructed of a strong, flexible rubberized air¬ 
tight material supported by air pressure from within. Since the radome material is rela¬ 
tively thin and uniform, it approximates the electrically thin shell that provides very low 
loss (less than 0.1 dB) and very small boresight error. The air-supported radome is con¬ 
structed of gore-shaped fabric sections with the gores or seams in the vertical direction. 
Reliable operation depends on the use of uninterruptable power supplies and redundant 
blower systems. Teflon fiberglass is a commonly used material. 210 Air-supported radomes 
can be folded into a small package which makes them suitable for transportable radars 
requiring mobility and quick assembly and disassembly times. At a prepared site, a 50-ft 
air-supported radome can be installed in about one or two hours. 214 They are also of in¬ 
terest when wideband operation is important. 

The lite of an air-supported radome is limited by exposure to ultraviolet light, sur- 
iace erosion, and the constant flexing of the material in the wind. The life can be increased 
by the use of better materials such as neoprene-coated nylon and teflon-coated fiberglass, 
in high winds the material can be damaged by flying debris. The rotation of the antenna 
might have to be stopped to prevent the fabric from being blown against the antenna and 
tom. Nevertheless, these structures are designed to withstand winds of 100 mph, and in 
special applications it has been extended to 200 mph. 215 Maintaining the internal pres¬ 
sure m high winds can sometimes be difficult. Frequent and costly maintenance is another 
problem. The air-supported radome has superior electrical properties to the rigid space- 
frame radome, but the latter is much more rugged. 

Aircraft Radomes 208 - 16 The shape of the radome used in the nose of a military fighter/at¬ 
tack aircraft is determined primarily by aerodynamic requirements rather than by elec- 
tromagnetics. It is often an ogive or some other similar conical shape. Because of the aero¬ 
dynamic shape of the nose radome, the angle of incidence of the beam on the surface of 
the radome depends on the scan angle and might be from 0 to 80°, or more Also the in¬ 
cident polarization can vary with angle of scan. This is unlike the situation with’spheri¬ 
cal shaped ground-based radomes where the incidence angle and polarization are rela¬ 
tively independent of the scan angle. Thus there can be distortions in the antenna pattern, 
spurious sidelobes, and angle errors that depend on the angle of scan. Airborne radomes,’ 
especially those used at supersonic speeds, can be subjected to mechanical stress and aero- 
ynamic heating so severe that the electromagnetic requirements of a radome made of di¬ 
electric materials might have to be sacrificed in order to obtain sufficient mechanical 
stiength to survive. Rain impinging on an unprotected radome in flight can cause 
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structural damage within minutes due to erosion at high subsonic speeds. Rain erosion is 
reduced by coating the radome surface with a shock-absorbing rubber-like material such 
as neoprene or polyurethane elastomer. A lightning strike can puncture a hole in the radome 
wall and severely damage the radar equipment inside. The damaging effects of lightning 
are reduced by placing conductors on the external surface of the radome to divert the light¬ 
ning to these conductors rather than puncture the radome wall. If a large number of con¬ 
ductors is necessary to insure that lightning is diverted, the performance of the radar might 
be affected. Other factors in radome design are avoidance of static charge build-up and 
damage due to bird strike or the impact of hail. The radome must, in addition, withstand 
high temperatures and not be too heavy. It has been said 216 “Few, if any, other compo¬ 
nents [of an airborne radar system] have such a variety of conflicting requirements as does 
a radome.” 

Radome Wall Construction The following are some wall constructions that have been 
used in radomes: 

Thin wall. The wall is electrically thin compared to the radar wavelength. If the 
wall physical thickness is d } with a dielectric constant e, and a wavelength A, then 
a thin wall radome is characterized by d < 0.05A/Ve. A thin wall radome has good 
electrical properties, but it can be weak structurally. 

Half wavelength. This is a solid dielectric surface whose electrical thickness is ap¬ 
proximately a half-wavelength. Theoretically, the halfwave-thick surface is nonre¬ 
flecting and has no loss other than ohmic losses of the material. It is of limited 
bandwidth, as well as limited in the range of incidence angles over which the elec¬ 
tromagnetic energy can be transmitted with minimal reflection. There can be multi¬ 
ple half-wave surfaces. 

A-sandwich. A three-layer wall consisting of two thin relatively high-dielectric-con- 
stant skins separated by a low-dielectric-constant core whose thickness is approxi¬ 
mately one-quarter wavelength. The skins are glass reinforced plastic laminates and 
are thin compared to a wavelength. The core might be a honeycomb or a foam. 

B-sandwich. The inverse of the A-sandwich with quarter-wavelength skins having a 
dielectric constant lower than that of the core. 

C-sandwich. Two back-to-back A-sandwiches. It is used when the ordinary 
A-sandwich does not provide sufficient strength. 

Multilayer. A general term for more layers than that of the C-sandwich. 

Metallic Radomes A thin metal sheet with periodically spaced openings (such as slots) 
has a bandpass characteristic and can be used for radomes. The metallic structure over¬ 
comes the mechanical limitations of radomes made of dielectric materials, yet has good 
electrical properties. 217 It also is better able to distribute frictionally induced heating and 
better able to withstand the stresses caused by rain, hail, dust, and lightning. This type of 
radome is a frequency selective surface that reduces interference because of its bandpass 
characteristic. It also reduces the nose-on radar cross section of the aircraft when viewed 
by radar systems not within its own passband. 218 The penalty for its use, however, is 
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narrow bandwidth. A frequency selective surface can be more sophisticated and have bet¬ 
ter properties than a thin metallic sheet with simple periodic slots. 219 

Rotodomes In some cases the radome is made to rotate in synchronism with the an¬ 
tenna. It is then called a rotodome. An example is the AWACS AN/APY-1 antenna, Fig. 
3.45b, where the antenna and radome are designed together so that the antenna can main¬ 
tain the very low sidelobes required of a high-prf pulse doppler radar. A rotodome is also 
used with the ASDE-3, see Fig. 1.9, the Airport Surface Detection Equipment found at 
the top of the control tower of major airports for monitoring taxiing aircraft and ground 
traffic at airports. 

Adaptive Antennas""" " 24 An adaptive antenna, usually an array, is one that senses the 
received signals incident across its aperture and adjusts the phase and amplitude of the 
aperture illumination to maximize the signal-to-extemal-noise ratio or signal-to-clutter ra¬ 
tio. Adaptive arrays usually require some prior knowledge of the desired signal and the 
nature of the noise or clutter to be rejected. When one speaks of a fully adaptive array it 
means one where each element of the array is part of the adaptive process. There have 
been many investigations of the theory and algorithms to perform adaptive array pro¬ 
cessing, but the difficulty and cost of implementing fully adaptive processing at each el¬ 
ement of a large array antenna has been prohibitive. Until large fully adaptive arrays be¬ 
come more practical, they will be mainly of academic interest. There are, however, two 
important radar applications where adaptive array technology has proven to be practical 
and important. These occur when only a relatively few adaptive elements are needed. One 
such application is the side lobe canceler; the other is the AEW radar that employs space - 
time adaptive processing. 

Sidelobe Cancellation 225 This adaptively places nulls in the antenna radiation pattern 
in the direction of a limited number of noise jammers so as to reject the noise before it 
enters the receiver. A small number of omnidirectional (or wide beamwidth) auxiliary an¬ 
tenna elements are placed on or in the near vicinity of the main radar antenna. Typically 
there might be from 3 to 6 auxiliary elements used for the sidelobe canceler. The main 
radar antenna can be a reflector or a phased array. In theory, one auxiliary element (one 
degree of freedom) can create one adaptive null; but, in practice, especially when multi- 
path propagation occurs, two auxiliary elements might be needed in some instances to 
place a suitable null in the direction of one noise source. The sidelobe canceler has been 
a successful application of adaptive antennas and has been applied operationally to a num¬ 
ber of radar systems. 

Space-Time Adaptive Processing (STAP) Military airborne MTI radars, or Airborne 
Early Warning (AEW) radars, must be able to cancel ground clutter echoes which have a 
non-zero doppler velocity with respect to the moving radar, along with hostile jamming 
that enters the radar via the antenna sidelobes. According to J. Ward 226 “Space-time adap¬ 
tive processing (STAP) refers to multidimensional adaptive filtering algorithms that si¬ 
multaneously combine the signals from the elements of an array antenna and the multi¬ 
ple pulses of a coherent radar waveform, to suppress interference and provide target 
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detection.” Fred Staudaher, 2-7 of the Naval Research Laboratory, described the differences 
between spatial processing, temporal processing, and space-time processing as follows: 
“Spatial adaptive array processing combines an array of signals received at the same in¬ 
stant of time that are sampled at the different spatial locations corresponding to the an¬ 
tenna elements. Temporal adaptive array processing combines an array of signals received 
at the same spatial location (e.g., the output of a reflector antenna) that are sampled at 
different instances of time, such as several periods for an adaptive MTI. Space-time adap¬ 
tive array processing combines a two-dimensional array of signals sampled at different 
instances of time and at different spatial locations.” 

STAP and other forms of antenna adaptive processing are more subjects in circuit de¬ 
sign and algorithm development than antennas. 

The Quest for Superresolution The ability of a radar to resolve two targets in angle de¬ 
pends on their relative radar cross section, signal-to-noise ratio, antenna beamwidth, the 
phase difference between the two signals, and the criterion used to establish resolution. 
It has been generally accepted that two equal targets can be resolved in angle when they 
are separated by eight-tenths of a beamwidth, provided the signal-to-noise ratio is large 
enough for good detection. Resolution can be better than this with high signal-to-noise 
ratios and a criterion which acknowledges that there can be a phase difference between 
the two signals. Every now and then, however, there have been different proposals for ob¬ 
taining better angular resolution with radar systems—all without true success thus far! 

A technique that has had impressive claims made for it is known as spectral estimation 
or superresolution . 22s It is also known by some of the many algorithms that are used, such 
as the maximum entropy method, autoregression. Burg algorithm, and others. These angu¬ 
lar resolution methods apply for noncoherent sources, such as independent noise radiators 
(jammers or radio stars). Superresolution methods are basically the same as adaptive an¬ 
tennas which place sharp nulls in the direction of noise sources. Superresolution and adap¬ 
tive antennas use the same algorithms and the same hardware, and the plots of their outputs 
are the same except that one is plotted upside down with respect to the other. That is, the 
nulls of the adaptive antenna become the narrow spikes of superresolution when inverted. 

Superresolution may resolve closely spaced noise-like sources, but it does not reli¬ 
ably resolve the echoes from multiple targets illuminated by the same radar. The echoes 
from targets illuminated by the same radar have a phase relationship among each other 
and are thus coherent. Superresolution, or spectral estimation, algorithms employ nonlin¬ 
ear mathematical operations. When multiple echo signals from the same radar are subject 
to nonlinear processing, they can produce spurious signals that do not allow good reso¬ 
lution capabilities. Thus superresolution does not provide improved angular resolution 
with radar echo signals. This was first stated in the radar literature by A. W. Rihaczek. 229 

Other "Superresolution" Concepts In the traditional antenna literature, one can often find 
discussed the concept of a “superdirective” array antenna (formerly called supergain). 2 ’ 0 
This is defined as an array antenna with a directivity higher than that obtained when the 
same antenna has a uniform aperture illumination. (Its antenna illumination efficiency is 
said to significantly exceed 100 percent. 231 ) Many reasons have been offered why such an 
antenna is not practical (narrow bandwidth, high Q, large aperture currents, high loss, and 
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extremely precise tolerances), but supergain antennas require aperture illuminations that 
must change amplitude (spatially) across the aperture faster than can be expected of a sig¬ 
nal operating at the given RF frequency. Superdirectivity appears to result from the sim¬ 
ple algebraic models of an antenna pattern rather than as a solution to Maxwell’s equa¬ 
tions applied to a real radar antenna. 

In the 1960s the multiplicative array was the ‘‘superresolution” technique that caused 
excitement, for a while. In a multiplicative array the outputs of the individual radiating 
elements were combined in a nonlinear manner rather than linearly. The nonlinear ma¬ 
nipulation of the aperture illumination results in an apparently narrower antenna pattern. 
For example, the pattern of an A-element array can be expressed by a polynomial of de¬ 
gree N. If the output of one half of the array is multiplied by the output from the other 
half, the resulting expression is a polynomial of order (N 2 /4), which when plotted appeal's 
as a much narrower pattern of an array with A /2 /4 elements rather than N. This narrower 
pattern looks exciting as a means for obtaining improved resolution by simple multi¬ 
plicative processing of the array output. When two closely spaced targets are examined, 
however, with such multiplicative processing the resolution is not that of a larger array 
and, to make matters worse, there will be spurious signals generated because of the non¬ 
linear mathematical operation. (The nonlinear operation of squaring or cubing the antenna 
pattern also will make it narrower and appear to provide better resolution than a conven¬ 
tional antenna, but when multiple targets are present, the resulting pattern is not the su¬ 
perposition of the individual patterns, but much worse.) 

There have also been attempts to achieve improved resolution by what was called 
“data restoration,” which smoothed the received aperture illumination and extrapolated it 
beyond the physical confines of the antenna. This also did not produce the significant im¬ 
provement in resolution that was desired. 

Thus one should not expect to obtain significantly better angular resolution with an 
antenna by some nonlinear form of antenna processing. There seems to be no magic radar 
resolution algorithm. The only method that has worked in the past for obtaining improved 
resolution when the electrical size of the aperture cannot be increased is to increase the 
signal-to-noise ratio and recognize in the resolution procedure that the echoes signals can 
be of different phase. 

Microelectromechanical Switches in Phased Arrays 232,233 A microelectromechanical 
switch, or MEMS, is a small, low-inertia fast-acting switch activated by an electrostatic 
field. The switching mechanism may be in the form of a cantilever, rotary, or membrane 
configuration. In one example, the upper contact is a 0.3-/xm aluminum membrane sus¬ 
pended across polymer posts. This suspended membrane is 4 /xm above a substrate sur¬ 
face with the bottom contact of 0.7-jum gold or aluminum metal layer. On top of this 
metal layer is a thin dielectric layer, typically 0.1 ptm (1000 A) of silicon nitride. It is not 
a metallic contact switch, but switches by providing a change in capacitive impedance. 
The dielectric on the bottom part of the switch makes contact with the metallic portion 
of the suspended membrane, which eliminates the problem of striction that would occur 
if two metallic layers came into contact. 

MEMS can have very wide bandwidth and can be made to operate with signals from 
a few MHz to 40 GHz, Measured insertion loss is less than 0.2 dB per switch. The switch 
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can activate in 2 to 5 ps and it can handle RF power up to 10 watts. The pull-in voltage 
is from 10 to 30 volts. Since a MEMS is activated by a d-c electrostatic field, no d-c cur¬ 
rent is required and power consumption is small. The energy required to activate a switch 
is on the order of 10 nJ. 

The MEMS can be used in the same way that diode switches are used in the de¬ 
scription of the digital phase shifter, shown in Fig. 9.17, to switch in and out fixed length 
of lines to obtain various phase shifts. In this type of X-band phase shifter the loss in 
a four-bit phase shifter is from 1.2 to 2 dB. Its size is approximately 6 mm by 9 mm. 
These phase shifters can be fabricated on silicon wafers. Hundreds of phase shifters can 
be built on a single 8-in. wafer, which makes them inherently low cost. 

It has been said 234 that the MEMS for electronically scanned phased array radars has 
the potential to reduce the cost, weight, and power consumption for such systems when 
the array size exceeds 10,000 elements. 
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PROBLEMS 

9.1 (a) Derive the expression for the field-intensity pattern for a uniformly illuminated line- 
source aperture of dimension D. (b) Make a rough sketch of its radiation (power) pattern 
(with the ordinate in dB). (c) If the antenna dimension is 60 wavelengths, what is the width 
between the first nulls that define the main beam? (d) What is its half-power beamwidth? 

9.2 The pattern of problem 9.1 also is the pattern from either of the two principal planes of 
a uniformly illuminated square aperture. Derive the field-intensity pattern in the diagonal 
plane of the square aperture, where the aperture illumination is triangular. (The tri¬ 
angular illumination is also known as a gabled illumination. It can be expressed as A(z) 

2 

= 1- |z|, where |z| £ D g / 2, and D g is the diagonal of the square aperture.) 

Dg 

9.3 Determine and roughly sketch the field-intensity pattern for an antenna with the follow¬ 
ing aperture illumination pattern: 


A(z) = -1 for -D/2 < z < 0 
A(z) = 0 for z = 0 
A (z) = +1 for 0 < z < +D/2 
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where D = aperture dimension. What is the peak sidelobe level? (This is the difference 
pattern that would be obtained from an antenna whose sum pattern is of the form (sin x)/x 
obtained with a uniform aperture as in problem 9.1.) 

9.4 Calculate and sketch the field-intensity pattern produced by an aperture illumination of a 
line source of dimension D given by A(z) = cos ( irz/D ). What is its null width (width be¬ 
tween the two nulls defining the main beam), and what is the level of the first sidelobe? 

9.5 In what manner is the field-intensity pattern E(<f>) of an antenna, Eq. (9.10), and its aper¬ 
ture illumination A(z) related to the time waveform s(t) and the spectrum S(/)? Identify 
the analogous pairs of parameters between these two relationships? 

9.6 Efficiency is generally defined as the ratio of the output power to the input power. The 
“aperture efficiency” of a reflector antenna, Eq. (9.9), is not defined in this manner and 
the term aperture “efficiency” can therefore be misleading. Discuss the effect of the aper¬ 
ture efficiency on radar performance and why it should not be interpreted as an indicator 
of a power loss. 

9.7 Why does a parabolic surface make a good I'eflector antenna? 

9.8 When might each of the following parabolic reflector antennas be used: (a) paraboloid, 
(b) section of a paraboloid, (c) parabolic cylinder, (d) parabolic torus, (e) offset-fed re¬ 
flector, (f) Cassegrain, and (g) mirror-scan antenna? When might (h) a spherical reflector 
or (i) a lens antenna be used? 

9.9 Background. In a Cassegrain antenna, Fig. 9.11, the feed is located at (or near) the apex 
of the primary paraboloid reflector. The radiation from the feed is reflected by a secondary 
reflector in front of the primary reflector. The radiation is returned to the primary reflec¬ 
tor where it is reradiated in the forward direction. Blockage of the radiated energy occurs 
because of the obstruction by the secondary reflector and by the interception of energy 
by the feed. If the secondary reflector is made smaller so as to reduce its blockage, the 
feed has to be made larger so as to illuminate without spillover the smaller secondary re¬ 
flector. Similarly, if the feed is made smaller to avoid blockage, the secondary reflector 
has to be made larger in order to intercept the wide-angle energy from the feed. If the 
secondary reflector and the feed are both circular with a diameter of S and d, respectively, 
the total blockage is due to their combined area (7 t/4 )CS 2 + d 2 ). Problem: What should 
the relationship be between the diameter S of the feed and the diameter d of the secondary 
reflector in order to minimize the total blockage in a Cassegrain antenna? (You may as¬ 
sume that the beamwidth of the feed is A Id radians.) 

9.10 List the five basic methods available for obtaining a phase shift, and give an example of 
a phase shifter based on each. 

9. 11 When might ferrite phase-shifters be used in an electronically steered phased array an¬ 
tenna, and when might diode phase-shifters be used? 

9.12 (a) If the minimum range of radar is to be no greater than 1.2 nmi, what should be the 
maximum switching time of a phase shifter so that the array is ready to receive after it has 
transmitted? (Assume that the pulse duration is small and can be neglected.) (b) Select a 
type of ferrite phase shifter that can probably meet this requirement, (c) What limitation 
might occur with your selection? (d) If the minimum allowable range were increased to 
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12 nmi, how might your answer for (b) and (c) change? (e) What type of ferrite phase 
shifter can be used when the radar operates with dual orthogonal linear polarizations? (f) 
What type of ferrite phase shifter might be used in a reflectarray? 

9.13 (a) Derive the array factor for a uniformly spaced linear array of N isotropic elements. 
[Suggest you start with Eq. (9.22); but instead of a summation of sinewaves, it will 
be easier to use the exponential relation such as 1 + e J<tl + e j2<1, + e i3<t> • ■ ■ where 
4> = 277(d/A) sin 0, as in Eq. (9.22). You also will have to recall or rederive the expres¬ 
sion for the sum of a geometric series that you learned in high school.] (b) At what an¬ 
gles will grating lobes appear (over a range of ±90°) when the element spacing is four 
wavelengths? (c) Compare, in words, the pattern produced by the linear array of equal 
amplitude elements to the pattern produced by a continuous line source with uniform il¬ 
lumination (as in problem 9.1) and the same aperture size, 

9.14 When the beam of a phased array antenna is electronically steered to an angle 0 () from 
broadside, show that its beam width varies inversely as cos 0 O . 

9.15 (a) Show that grating lobes will not appear in a steered phased array if the element spac¬ 
ing is less than one-half wavelength, (b) What should the element spacing be when 0 O = 0 
if there can be grating lobes at ±30°, but not at smaller angles? 

9.16 (a) What wrap-up factor is required in a frequency-scan array to scan the beam over an 
angle of ±50° using no more than a total tunable (relative) bandwidth of 5 percent? (As¬ 
sume a TEM transmission line where the velocity of propagation is the velocity of light.) 
(b) If there are 80 elements in the frequency scan array with an element spacing of 10 cm 
and a wrap-up factor the same as computed for part (a), what is the time required for a 

. signal to fill the array aperture? (c) What bandwidth does this correspond to? 

9.17 Consider the series-fed linear array of Fig. 9.16b. How far will the beam deviate from the 
broadside direction when the frequency is changed by 20 percent from the design fre¬ 
quency? (Assume the transmission feed-line propagates in the TEM mode so that the 
velocity in the line is c, the velocity of light.) 

9.18 A frequency-scan array has an element spacing d = 5 cm, aperture dimension fl = 3tn, 
and a feed system with a wrap-up factor = 16. As the beam is frequency scanned past the 
target, the echo will be frequency modulated with a bandwidth A f B [Eq. (9.42)]. (a) If a 
frequency / = 1.05 f 0 points the beam to 30°, what is the spectral width of the echo sig¬ 
nal due to the linear FM modulation induced on the echo? (b) If pulse compression pro¬ 
cessing is used on receive to take advantage of the frequency modulation of the echo sig¬ 
nal, what will be the compressed pulse width? 

9.19 Why do you think problems might occur when attempting to apply the theory of the in¬ 
finite array to a finite size array? 

9.20 Compare the corporate-fed (passive) phased array, the active-aperture phased array, and 
the space-fed phased array with respect to loss, transmitter efficiency (Sec. 10.3), relative 
prime power required for the transmitter, and any other factors of concern. 

9.21 The Dolph-Chebyshev antenna illumination produces an antenna pattern with a narrow 
beamwidth and all sidelobes equal. It would appear to be a good antenna pattern except 
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that it is not practical. What is it about the Dolph-Chebyshev illumination that makes it 
unrealizable, especially with large gain? 

9.22 What approximate reduction in gain [Eq. (9.51)] results when an antenna pattern is rec¬ 
tangular from 0 to 3° and is shaped to have a cosecant-squared variation of gain over the 
angular region from 6 0 = 3° to 6 m = 25°? 

9.23 For a fixed-size reflector antenna with an rms surface error e: (a) Show that the wave¬ 
length that results in maximum antenna directivity is A,„ = 47re. [This is Eq. (9.53.)] (b) 
How does this relate to the usual “rule of thumb" for reflector antenna tolerances which 
states that the rms error e should be less than A/32, where A = wavelength? (c) Determine 
the loss of gain at the wavelength A,„ compared to the gain of a perfect (no error) antenna, 
(d) What is the maximum gain that is achievable for D/e = 1000 and D/e = 10,000? (As¬ 
sume the aperture efficiency is 1.) (e) In your opinion, how high an antenna gain might 
be achieved with a practical radar antenna (and explain your answer)? 

9.24 If a one-dB reduction in antenna gain is allowed due to errors in a 100-element linear ar¬ 
ray, what is the phase error (in degrees), the amplitude error (in dB), and the fraction of 
missing elements that can be tolerated when each one of these three factors is the only 
one contributing to the gain reduction? (That is, determine the phase error with the am¬ 
plitude error zero and no missing elements, and so on.) 

9.25 Background. A periodic error in an antenna will produce multiple equally spaced beams 
(or sidelobes) in sin 0 space similar to the formation of grating lobes in an array antenna, 
except that these periodic error sidelobes are much smaller in gain. Problem. An antenna 
is suspected of having a periodic error since there are prominent sidelobes in its radiation 
pattern at angles of ±37.3 and ±53.9°. If there is a periodic error, there will be other 
closer-in sidelobes; but in this problem we assume that these closer-in lobes are masked 
by the normal antenna sidelobe radiation. Based on the observed sidelobes whose direc¬ 
tions are given above, what is the period (spacing) of this periodic error? 

9.26 (a) With a uniformly illuminated planar array of 1000 isotropic elements, what should be 
the rms value of the phase error (in degrees) and the rms value of the amplitude error (in 
dB) to make the average error-sidelobes equal to —50 dB? (Assume that the contribution 
from the phase error equals that from the amplitude error.) (b) Repeat for an array an¬ 
tenna with 10,000 elements. 

9.27 What determines the number of bits to be used in a digitally switched phased shifter? 

9.28 According to G. Evans [Ref. 169, p. 115] the accuracy with which the antenna gain can 
be measured is commonly ± 0.5 dB. What is the maximum rms phase error in a reflec¬ 
tor antenna that results in a loss of antenna gain of 0.5 dB? 

9.29 (a) In a phased array with a square aperture of 100 by 100 elements, with half-wave spac¬ 
ing between elements, what is the rms angle error (in degrees) when the rms value of the 
normalized error current is cr = 0.4? (b) What fraction of a beamwidth would this be if 
the aperture illumination were uniform? 

9.30 (a) What are the characteristics of an aperture illumination that can achieve ultralow side¬ 
lobes? (b) When might ultralow sidelobes be needed? (c) What antenna characteristics 
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9.31 

9.32 

9.33 

9.34 

9.35 

9.36 

9.37 

9.38 

9.39 

9.40 


9.41 


have to be sacrificed for ultralow sidelobes? (As a start, see Table 9.1) (d) What factor, 
ultimately limit the sidelobe levels that can be achieved in practice? 

When might a radar systems engineer decide not to use an ultralow sidelobe antenna? 
^b h c y anten P n h a a r d ^ antenna SUItable than 3 reflector antenna as a » ultralow side- 

feSnh^H adV3nta f S disadvan tages for shipboard air defense of a traditional four- 

one 2D roTf^ ra m 3 SySt6m C ° nSISting ° f tW0 trainable P hased arra y radars and 
one 2D rotating air-surveillance radar with 360° azimuth coverage. 

(a) What are the advantages and limitations of operating a ground-based air-surveillance 

"“ ? <b> C ” Pare ^ *“ radome 

e i6hl be ““ d f " “* deteCti °" a ” d “ Ckin 8 of “ “"aid 

missiles. (This is a question not just about antennas, but also about how radar systems 
might be applied for ballistic missile defense. There is no simple unique answer m Ms 
question, and there has not been general agreement as to the best approach.) 

Why are phased array radars for air surveillance generally cheaper at the lower radar fre¬ 
quencies than at the higher frequencies? 

mnltif, 6 a P pllCat ?° n ° f air defense ’ com P are the advantages and disadvantages of a single 
function phased array that operates in one frequency band with a system having a 
separate air-surveillance radar and a separate phased array weapon control bracking) radar 
each operating in different bands. viuiig; raciar, 

A phased array has a beamwidth of 2° when pointed to broadside. If it is required to scan 

arada^can h . broaMde ' What 1S the maximum signal bandwidth « MHz that 
a radar can have that operates at a center frequency of 3.3 GHz? 

What does one have to do to obtain an electronically steered phased array with a large in¬ 
stantaneous signal bandwidth? ® 

Background^ It has sometimes been suggested (usually by non-radar administrators) that 
increasing the frequency of an air-defense phased array radar will result in a smaller size 
antenna for the same beamwidth (which is true), and thus provide a smaller radar system 

f 1C migdt n0t be true) - If a smaller s y stem w era to result it can be made more mobile 
if ft round based system or, if a ship-based system, it can be employed on smaller ships 
A smaller radar, however, does not result when the frequency is increased and all other 
requirements remain the same. Problem. What is wrong with reasoning that concludes that 
a smaller radar system will result if the array antenna is reduced in size by operating at 

mu£ reqUe “ y? ' T ° ilU “ ^ JO" can. i, you wish, , SS „L an S-band 

multifunction phased array radar (3.5 GHz) having a 12 by 12 foot aperture and 10 kW 

radar ^ mCreaSed t0 35 GHZ ’ thC aPCrtUre is reduced in si ^ to 

The typical L-band 2D air-surveillance radar usually has its maximum elevation coverage 
extending to about 20 to 40°, depending on the particular radar. If it is required to extend 
overage oi the radar to higher elevation angles, there are reasons why it might be better 
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to employ a separate antenna at a different frequency to fill the surveillance hole above 
the radar, (a) What are some reasons why a separate radar might be used rather than at¬ 
tempt to increase the elevation coverage of the 2D antenna? (b) If the elevation hole ex¬ 
tends from 30° elevation angle to the zenith at 90°, what type of scanning patterns might 
be used? (There can be more than one choice of scanning pattern.) (c) What frequency 
band might be used for this hole-filler (and explain the reason for your selection)? 
(d) What type of antenna might be used for the hole-filler radar? 



